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Abstract 
This thesis describes work aimed at identifying new treatments for aluminium(oxide) 
surfaces which are based on complex formation at the interface by relatively simple 
organic ligands. Such an approach offers a more benign alternative to the surface 
roughening or passivation by strongly acidic and/or oxidising treatments which are 
currently used commercially. A specific objective of interest to the organisation 
sponsoring the work (Alcan) was the development of new dispersants for aluminium 
trihydroxide (ATH) which is used as a flame retardant in organic polymers. 
On the basis of reports of earlier work undertaken in Zeneca Specialities 
polyphenolic ligands were selected as candidates for the ligating headgroups. The 
synthesis of a series of esters of gallic acid (3,4,5-trihydroxybenzoic acid) with 
varying lengths of alkyl group tails is reported in Chapter 2 together with an 
investigation of their strength of binding to high surface area ATH (superfine grade) 
by monitoring the uptake by uv-spectrometry from 95% methanol/water. Analysis of 
results based on Langmuir adsorption isotherm behaviour confirms the suitability of 
pyrogallol-based ligands for ATH since all of the ligands exhibit very strong binding. 
The tail group contributes in no part to the binding efficiencies. Furthermore, no 
insight into binding modes can be inferred from isotherm results and no 
differentiation can be made between the binding strengths of closely related ligands. 
In an attempt to understand the modes of attachment, integrated use of 
experimental adsorption isotherm results and molecular modelling techniques have 
been used in Chapter 3. Additional classes of ligands involving dihydroxybenzene 
and 3-methyl-4,5-dihydroxybenzene headgroups were synthesised and tested. The 
approach involves simulating the chemisorption of a monolayer of the organic ligand 
onto the aluminium metal oxide surface. The results suggest that the stabilites and 
structures of the interfacial complexes depend not only on metal-ligand coordinate 
bonds, but also on secondary bonding interactions. Trihydroxybenzene headgroups 
bind more strongly than dihydroxy which bind much more strongly than 
monohydroxy headgroups. This work has provided an insight into binding modes 
and contributes towards the design of new surface ligands. 
M 
Other methods for determining the relative strengths of attachment of 
candidate Al-surface ligands are described in Chapters 4 and 5. Simple 
electrochemical techniques such as linear polarised resistance and linear sweep 
voltammeiry were considered and rejected on the grounds that the required 
aggressive conditions cannot usually accommodate the types of ligands of interest. 
Competitive binding studies using azo-dye labelled polyphenol ligands were 
convenient and successful at ranking ligands that appeared to show the same binding 
strengths in the isotherm results. They provided an empirical scale of binding 
strengths for a range of ligands which showed: phosphonates> 1,2,3-
trihydroxybenzenes> 1 ,2-dihydroxybenzenes> 3 -rnethyl-4,5-dihydroxybenzene > 
carboxylates> phenols. 
Two 	gallate 	esters, 	octyl 	gallate 	and 	2-vinyloxyethyl-3,4,5- 
trihydroxybenzoate were used as candidate dispersants for ATH. Suitably treated 
samples of ATH were prepared for use in the existing commercial performance tests 
which assess tensile and tear strengths, water uptake, elongation and smoke release 
of polymers into which ATH has been dispersed. Samples treated with the new 
polyphenol ligands perform considerably better than uncoated materials and are 
apparently as effective as existing silane surface treatments. Overall, the work 
reported in this thesis indicates that pyrogallol- and catechol-containing headgroups 
have an extremely high affmity for ATH and are suitable surface ligands which could 
be used as dispersants in polymers or other media. 
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CHAPTER 1 
Introduction and Aims 
i.i Prologue 
Coordination compounds have considerable chemical and technological relevance 
particularly in the surface engineering' of metals and alloys. Typically these 
compounds consist of a metal atom (or other Lewis acid) plus a number of electron 
pair donors (ligands) coordinated to the metal. Coordinating ligands are frequently 
used to modify properties of metals such as the use of metal deactivators in petrol or 
complexes of copper and zinc in brass electroplating. Aluminium, for instance 
because of its high strength to weight ratio is vital to the developing transportation 
and aerospace industries ;2  its high electrical conductivity offers a niche for it in the 
electrical industry and its thermal conductivity and versatility makes it ideal for 
packaging and building products. In order to be able to use aluminium in such areas, 
its properties have to be modified, in many cases only the surface is treated. Current 
surface treatment technology often utilises environmentally unfriendly processes or 
aggressive agents such as chromic 3  and phosphoric  acids to achieve the desired 
goals. It is desirable to replace these existing inorganic processes with ones based on 
benign organic Iigands. 5 
A particular interest in this work concerns the modification to the surface 
properties of aluminium in applications which focus on the dispersion of aluminium 
oxides, acting as an inorganic filler, into polymer matrices. Surface modification of 
other metals, mainly iron and copper, have proved successful in applications such as 
corrosion protection, 6 ' 7 ' 8 adhesion promotion9" °  and lubrication" respectively. 
The overall goal is to achieve modification of metal surfaces by reaction with 
organic molecules. It is hoped that chemisorption of an appropriate organic ligand to 
the metal oxide surface will produce a stable surface complex, offering the desired 
surface modification. Thus an understanding of the interfacial complex between 
ligand and substrate is clearly important. The surfaces of aluminium, like those of 
most other metals in the presence of an oxygenated, hydrated environment, will exist 
as an oxide, so there is a need to investigate the reactions between organic ligands 
and a lightly oxidised metal surface producing surface complexes. 
1.2 Novel Ligands as Surface Treatments 
The objective of this work is to develop novel ligands to bind strongly to aluminium 
(hydr)oxide surfaces. Such ligands will then have to be flinctionalised in such a way 
as to impart desired properties to the ligand-coated material. The ligand design was 
envisaged as containing two fundamental components: the head group which is 
composed of at least one donor atom capable of binding to the aluminium hydroxide 
surface; and the tail group comprising the ligands' functionality. This concept is 
shown schematically in Figure 1.1. It was perceived that dispersion of the ligand 
into a polymer system would have the effect of bonding the aluminium trihydroxide 
to the polymer improving the mechanical properties of the cured product. 
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Figure 1.1 Schematic diagram illustrating the role of novel ligands in incorporating 
physical properties to a polymer system. The ligand is split into two 
components: the head group represented by the arrowhead binding to a 
metal oxide surface and the tail group is represented by the body of the 
arrow which can be incorporated into the polymer. 
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1.2.1 Initial Concepts: Coordination Chemistry 
High thermodynamic stability on both enthalpic and entropic grounds for complex 
formation in solution is achieved by multidentate ligands that can occupy most or all 
of the coordination sites on a single metal ion in a strain free and favourably 
preorganised form. This should promote sequestration of the metal ion. However, 
many of the coordination sites of surface metal ions are embedded in the oxide 
substructure, thus this approach cannot be used. In fact, there has been little 
systematic work reported on the design of organic ligands to bind strongly to metal 
oxide surfaces. Suitable candidates are organic molecules containing polar, ionisable 
functional groups, like hydroxyl, which will react with reactive sites on metal oxide 
surfaces producing a strong sorption interaction. At the outset of this work, it was 
envisaged that polynucleating ligands with a donor set able to address more than one 
metal centre should be capable of binding strongly to the aluminium oxide surface 
(Figure 1.2) displacing surface bound hydroxides. Such ligands would be most 
effective when they "see" an array of metal ions on the surface. 
HX' lXH 
+ 
Fl 	H 	H 	H 	H 
HO 	0 0 0 0 0 	OH 
-3H20 
This view on polynucleating 
ligands has been modified 12  slightly 
and the principle extended to allow for 
"multisite attachment" ligands. In this 
case stability is also increased via 
additional weaker interactions such as 
hydrogen-bonds. A case for this 
theory is discussed further in §3. 
R 
H 	 H 
HO 	0 X 	X 	X 	0 	OH 
M 
Figure 1.2 	Schematic diagram showing a possible mechanism for the binding of the 
novel ligand to the metal oxide surface. 
3 
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Figure 1.3 	Surface complexation versus sequestration. 
Sequestration, in which the ligand is able to surround individual ions, results in 
an extremely stable system in solution. For the most convenient surface treatments 
of metals the ligand will be applied from a liquid phase. If sequestration occurs the 
metal ions will be dragged off the surface into the liquid phase. This is obviously not 
desirable and to ensure surface complexation occurs rather than sequestration of 
metal ions (Figure 1.3) the ligand must not be able to encapsulate aluminium ions. It 
was envisaged that could best be achieved by incorporating donor atoms into a rigid 
backbone which could only accommodate the polynucleating binding mode (see 
Figure 1.3). 
The strength of sorption not only depends on the shape of the molecule and the 
position of present 13  functional groups but on polarity and its affinity for the sorbing 
site. These factors are highlighted in §2.3 where it is shown that some closely related 
structural organic compounds can exhibit quite different adsorption behaviour at 
metal oxide—aqueous solution interfaces. 
Previous work by several research groups suggests that the nature of processes 
occurring in the interfacial region is dependent on the surface concentration of the 
adsorbed ligand. Work pioneered by Biber and Stumm 14 has shown that the structure 
of the inner sphere complex is related to the ability of the ligand to promote 
dissolution. This is discussed again in § 1.5. 
4 
1.3 Aluminium and Alumina 
Aluminium derives its name from alum, KA1(SO 4)2.12H20. Historically, alum has 
an important niche since it was used medicinally as an astringent in ancient Greece 
and Rome. Around these times it also had use as a fireproof agent for wood and was 
used as a mordant in dyeing processes. 
Aluminium 15  is the third most abundant element in the Earth's crust (second to 
oxygen and silicon) but is rarely found free in nature due to its high chemical 
reactivity. It invariably occurs in its oxidised form usually as aluminate and 
aluminosilicates in clays and shales, e.g. kaolinite and vermiculite. The challenge to 
isolate pure aluminium began in 1824 by reducing aluminium chloride with 
potassium amalgam, but the present industrial method was not accomplished for 
another 62 years. It is an electrolytic preparation' 6" 7whereby aluminium oxide is 
dissolved in fused sodium fluoride-aluminium fluoride. The electrolysis occurs by 
passing a direct current through the solution in carbon-lined steel pots with the base 
of the pot acting as the cathode and the anode is provided by carbon blocks, that are 
suspended into the pot. Carbon dioxide is discharged from the carbon anode and 
aluminium is deposited onto the cathode. 
Most metals have the ability to alloy with aluminium, but relatively few have 
appropriate solid solubility to constitute major additions. Zinc, magnesium, lithium, 
silver, copper and silicon (all added at levels greater than 10 at. %) exhaust the short 
list of metals which have significant solubilities. Lithium promotes a new addition to 
a class of lower density, higher stiffness aerospace alloys. The transition metals, 
chromium, magnesium and zirconium have solubilities below 1 at. %, but as alloying 
components they can offer improved properties such as grain size and dispersion 
hardening. 
The annual world production of aluminium is second only to iron. The 
ubiquitous use of aluminium and its alloys can be attributed to: 1) its light weight, 
which is second only to magnesium as a lightweight structural material, 2) its 
electrical conductivity known to conduct two times as much electricity as an 
equivalent weight of copper due to its lower density, 3) its thermal conductivity is the 
second highest of the most commonly used metals and 4) its crystal structure is made 
5 
up of a face centred cubic structure which allows plastic deformation and can easily 
be fabricated into sheet, plate, rod, and foil. In addition it is non-toxic and a good 
inhibitor of corrosion due to its tenacious oxide film especially in aqueous solutions 
within the pH range 4.5-8.5. Thicker surface oxide films (maximum ca. 10 nm) are 
more protective but are still dependent on exposure times and conditions. 
On exposure to air, the natural oxide film of alumina,' 8 which forms on the 
surface of aluminium, makes it unsuitable for many manufacturing processes. 
Consequently, the alumina layer is generally modified to improve factors such as 
resistance to corrosion and durability of polymer adhesion, and it is important to 
understand the 'chemistry' of alumina films. 
Alumina is the general term which encompasses a range of 
aluminium(III)oxides, oxyhydroxides and hydroxides and properties depend 
predominantly not only on which polymorph is present, but also on which phase 
19  it 
exists in. These are summarised in Table I.I. Phase changes occur on heating and 
follow a complex transition pathway, with corrundum requiring temperatures of 
1000°C to be produced. It is the thermodynamically most stable phase at elevated 
temperatures and is therefore the ultimate product of dehydration. 
Table 1.1 	Common names and formulae allocated for the various phases of alumina. 
a—form y—form 
A1 203 corundum '-aluminas 
AlO(OH) diaspore boehmite 
AI(OH)3 bayerite gibbsite 
Bayerite, gibbsite and boehniite are converted to y-alumina at around 120°C, which 
then require further heating (up to 1030°C) to carry out the conversion to corundum. 
Diaspore is converted directly to corundum at 427°C. 
6 
This project focuses on the 'y-polymorph of aluminium trihydroxide, 2° gibbsite. 
It is a hydrogen-bonded network composed of [Al(OH)3] layers 2 ' which are best 
described as octahedral Al(OH) 6 coordination units each sharing three edges. The 
crystalline platelets have well developed {O 0 1 } faces parallel to the sheet structure. 




Figure 1.4 	Crystal structure of gibbsite. The layer structure consisting of edge- 
shared A106 octahedra forms an infinite two-dimensional sheet 
perpendicular to the c-axis. 
1.3.1 Bauxite Processing 
In nature, aluminium is commonly fused with oxygen and silicon in aluminosilicate 
minerals. When these minerals undergo tropical weathering, aluminium hydroxide 
minerals are formed. If this material is present in high concentrations, bauxite 
results. 
In 1887, the Austrian chemist, Bayer, developed a process 22'23 for preparing 
pure alumina from bauxite. The production of alumina involves extraction from the 
primary ore, bauxite, in fact the only ore from which aluminium can be economically 
retrieved. The chemical process 24 to generate alumina involves addition of crushed 
bauxite to hot solutions of caustic soda to allow the dissolution of alumina hydrate 
from the bauxite. The "red mud" residue containing iron(HI) oxides is removed from 
7 
the system by decantation and filtration leaving the caustic solution to be piped into 
precipitators where, after seeding, it crystallises. Finally, this is transformed into a 
fine white powder after filtration and drying in calciners. This process is illustrated 
in Figure 1.5. 
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Figure 1.5 	The Bayer Process: the most commercial route for the production of 
aluminium tnhydroxide 
Under appropriate operating conditions, by controlling factors such as soda 
concentration and temperature, the only polymorph of alumina obtained is gibbsite. 
If the temperature is lowered, then bayerite 25 is also produced. 
N. 
1.3.2 Fillers for Polymers 
Historically, fillers have been used since Roman times when ground marble carried 
out the role as a filler in lime plaster. By the mid 19th  century, fillers were 
commonly used in paper and paper coatings, as they still are today. With the 20th 
century, came the introduction of functional fillers; such as transforming carbon 
black 26  to rubber. 
Inorganic fillers 27  are fine particulate solids which have two major functions: to 
reduce the product cost and to improve an existing property or to add a new one 
compared with the unfilled polymer product. These properties can range from 
elasticity to flexural strength to fire retardancy. The last is of greatest interest to this 
project where aluminium trihydroxide (ATH) is being used as a filler in electrical 
cables to act as a flame retardant. 
1.3.3 Flame Retardancy 
Polymer combustion involves various stages: heating, decomposition, ignition and 
flame spread. A flame retardant system impedes these processes. There are several 
origins of flame retardancy, one of which is physical in nature while the other is 
chemical. The physical flame retardant mechanism 28-29 relies on endothermic 
reactions in filler systems like ATH which effectively cools the system decreasing 
the heat available for decomposition of the polymer. In addition a barrier layer can 
be used to restrict oxygen flow and reduce pyrolysis gases. Such a layer can be 
provided by inert substances that are formed during the fire. Finally, dilution of 
combustible gases is attained by the formation of inert decomposition gases. The 
chemical flame retardant mechanism 30  is dominated firstly by a gas phase reaction 
where reactions with the flame retardant system quench the free radical chain 
reactions necessary to sustain fire. This also decreases the heat available for 
decomposition of the polymer, so reduces the fuel for the fire. Solid phase reactions 
also reduce the fuel via dehydration reactions which produce a carbonaceous char 
which can act as a physical barrier to fire. 
9 
Modern flame retardant 31  chemicals are based on the combination of three 
approaches. The earliest attempt to reduce flammability was made by Gay-Lussac" 
when he used amine salts of sulphuric, phosphoric and hydrochloric acid with 
success. Later, Perkin included heavy metals and finally antimony oxide and organic 
halogen compounds were introduced. Presently, the only aluminium compound of 
commercial significance as a flame retardant is aluminium trihydroxide (ATH). This 
was used extensively in the late 1970's to retard flame in unsaturated polyesters and 
foam carpet backing. Its success is due, in part, to the highly endothermic reaction 
ATH undergoes 33 when heated to temperatures above 200°C, Equation (1.3). One of 
its decomposition products is water which has several roles: it absorbs heat, cools the 
flame, and dilutes combustible gases and oxidant in the flame i.e. the three physical 
flame retardant mechanisms : cooling, barrier layer and dilution, outlined above. 
1.3.4 Limitations of ATH as a Flame Retardant 
In order to provide a system that is successful in standard industrial fire tests, high 
concentrations of ATH fillers are required. To meet satisfactory performance 
standards loadings of up to 70% by weight are required which result in significant 
changes in the polymer's physical properties. During compounding, large volumes 
of powdered filler have to be mixed with considerably smaller volumes of molten 
polymer 14  causing viscosity problems, thus making dispersion troublesome. High 
torque and severe frictional heating are involved. Current solutions involve the 
modification of the filler surface with either organosilanes 3536 ' 37 or stearic acid. 3839 
Their disadvantages, which include the high cost of organosilanes and the limited 
effectiveness of stearic acid in performance tests open up great opportunities for the 
development of new surface treatments. 
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1.4 Current Systems 
It has been long established that silane compounds can be used to treat aluminium 
trihydroxide surfaces. The result is a reinforced filler for both thermosetting and 
thermoplastic polymers. Silane treatments of ATH have also been shown 40  to 
improve filler dispersion, and the mechanical properties of the filled plastics, while 
also slightly improving its performance as a flame retardant. Their ability to 
maintain mechanical and electrical properties under humid conditions are a great 
asset. 
Silanes possess reactive groups which enable them to act as 'coupling agents' 
between an organic (polymer) material and an inorganic (aluminium trihydroxide) 
material. Their role is to enhance the compatibility between organic and inorganic 
materials augmenting overall composite properties. These properties include: 
dispersion; processability (surface modification, compatibility with the polymer); 
uniformity of physical properties; tensile and flexural strengths and decreasing the 
degradation of physical and electrical properties by moisture. In summary, the 
industrial application of organosilanes is primarily due to their ability to react with 
mineral surfaces and to condense under the presence of humidity. These two 
reactions occur simultaneously and compete with each other. It depends largely on 
the type of performance required by specific applications which one is desired and so 
it is importanat to understand how they are influenced by controllable factors and 
how it is possible to improve properties like adhesion, crosslinking rate, stability or 
solubility in water. 
Hydrolysis is one of the key reactions. The chemistry of silanes is well 
documented,42 thus a summary of their reactions in water is all that is required here. 
Acid hydrolysis at pH 4 -6 is the optimum condition for complete hydrolysis without 
the formation of oligomers or insoluble polymers. The hydrolysable group (OB in 
Figure 1.6) has to be as small as possible, usually a methoxy or ethoxy group, to 
promote the fastest possible reaction. Figure 1.6 shows that the formation of 
hydrogen bonds and chemical bonds between silanols and OH-groups of the 




 OB 	 OH 
+ 3H20 	 10 A—Si-OH + 3BOH 
OH 








Figure 1.6 	Hydrolysis of silane and interaction with inorganic surface via 
condensation. A = alkyl, aryl, organofunctional group, B = methyl, ethyl, 
acetoxy. 
Other silanol groups can react further either intramolecularly or 
intermolecularly. If this occurs intermolecularly a highly crosslinked polymer is 
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Figure 1.7 	Further condensation reaction of silanol forming crosslinked polymers. 
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This is taken advantage of commonly for silicone, polyolefins and acrylates. 
Crosslinking43 can improve the heat deformation resistance of polyethylene giving 
the thermoplastic elastomeric properties. Neutral to basic pH's at elevated 
temperatures offer the best conditions for complete condensation. 
Although the use of organosilanes as coatings for ATH has proved highly 
efficient and its mechanism is well documented, there is a concerted effort being put 
into finding alternatives. This is due to the high cost of silanes and their relatively 
short shelf lives. Also the reproducibility of hydrolysis and condensation reactions 
(see above) presents difficulties for polymer compounders. 
1.4.1 Introducing the Candidate Ligand 
In this project it was proposed initially to use novel ligands based on the 1,2,3-
trihydroxybenzene (pyrogallol) headgroup illustrated in Figure 1.8. This ligating 
group was chosen because gallate esters (R = alkyl group in Fig 1.8) have been 
shown 44  to enhance dispersion of aluminium oxide fillers in a polypropylene matrix. 
Achievement of useful results in this area of work is particularly troublesome due to 
the close proximity of the polypropylene processing temperature and the onset of 
decomposition of ATH. This leaves a very narrow window for processing. 
Preliminary studies carried out at ICI Specialities' yielded a range of candidate 
ligands for this role. These were assessed via techniques which will be discussed in 
§2.5 in a comparability study with the currently used organosilane surface modifiers. 
Figure 1.8 	3,4,5-Tnhydroxy benzene headgroup with ester linkage as tail group. 
13 
1.5 The Metal Oxide—Aqueous Solution Interface 
An adsorption isotherm conveys the macroscopic relationship between the bulk 
concentration of an adsorbate in solution and the amount adsorbed onto an adsorbent, 
in this instance, a metal oxide powder. Before outlining the adsorption isotherm 
technique (§1.6 and §2.2) used to assess ligand binding, a discussion of the metal 
oxide-aqueous solution interface is necessary, since the core of this work is 
concerned with the sorption of organic species at that interface. 
The interfacial interactions have major implications for the dissolution kinetics 
of metal oxides, 14  providing vital control mechanisms for applications in many 
important areas. The sorption reaction that occurs when aqueous anionic or cationic 
species separate from solution to react with a solid metal oxide surface may drive the 
loss of water of hydration from the adsorbate ion. In addition the formation of a 
considerably stronger covalent bond between adsorbate and adsorbent may then 
result. This process known as chemisorption gives rise to a monolayer of adsorbed 
species as an inner sphere adsorption complex. The work of Biber and Stumm 14 
emphasizes that the structure of this inner sphere complex is directly related to the 
ability of the ligand to promote dissolution. The mechanism of dissolution of metal 
oxides is discussed further in research by Casey and Ludwig. 45 The number of 
protonation steps and deprotonation steps leading to detachment of the hydrated 
metal ion is considered in an attempt to account for discrepancies between the 
measured rate law with respect to protons and the number of protons required to 
form an activated complex. They have demonstrated that the proton rate order 
corresponds to the net balance of protons removed and attached in the two steps. 
Pulfer et a/. 46also based their work on this theory, by showing the rate of dissolution 
of metal oxides, bayerite in particular, is enhanced by the addition of fluoride, 
chloride, bromide and sulfate ligands. 
It is now widely believed that organic acids can form inner sphere 
complexes4748 with metal oxide surfaces via ligand exchange, but more recent 
techniques have unveiled outer sphere mechanisms 48 ' 49 also. This is the case where a 
weaker interaction holds the hydrated ion and metal oxide surface together retaining 
waters of hydration. Such complexes possess higher mobility than inner sphere 
11111 
adsorption complexes and are much more likely to desorb from the surface back into 
the bulk solution with varying solution conditions. It is the formation of an inner 
sphere adsorption complex from an anionic adsorbate precursor that is needed to 
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Figure 1.9 	Surface complex formation of an ion on the hydrous oxide surface. The 
scenarios that can exist are illustrated in (a) and (b). In (b) the planes 
related to surface hydroxyl groups, s, inner sphere complexes, a, outer 
sphere complexes, 0 and the diffuse ion swarm, d. Diagram taken from 
Chemistry of the Solid Water Interface' -p . 
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1.6 Characterisation, Techniques and Tools 
Chemical interactions at metal oxide-aqueous solution interfaces are highly complex, 
and the search for a real understanding is still ongoing. The relevance of these 
chemical reactions has been recognised (see below) in a wide variety of fields 
including environmental chemistry, geochemistry, corrosion science, atmospheric 
chemistry, heterogeneous catalysis, metallurgy and soil science, providing 
researchers with an incentive to expand work in these areas. 
In soil and subsurface environs, it is the surface concentration of the adsorbed 
ligand and the molecular structure of the surface species 50 that controls the influence 
of organic ligand adsorption in such processes. For example, the ubiquitous nature 
of chlorophenols in soils and aquatic environments has merited research into their 
sorption and degradation in the environment due to them being listed as toxic 
pollutants. It has been only in recent years that the mechanism' of surface bonding 
of chiorophenols onto iron and aluminium metal oxide surfaces, the most common 
metal oxides in soils and aquifers, has been elucidated. This was achieved in part by 
Fourier Transform Infrared Spectroscopy (FTIR) which revealed that chemisorption 
and two types of physisorption were occurring between the chlorophenols and the 
iron or aluminium oxide surface. 
This technique has become more widely used in recent years since Tejedor-
Tejedor and Anderson 52  developed an in-situ FTIR method to examine interfacial 
species at the mineral oxide—water interface. In certain cases, it has also provided an 
important stepping stone in connecting surface complex structure and reactivity such 
as in the study 14  conducted by Biber and Stumm. More specifically, they utilised 
Attenuated Total Reflectance FTIR to inspect the surface coordination of salicylic 
acid on aluminium and iron oxides with emphasis on the structure—surface reactivity 
relationship. The ATR-FTIR protocol is ideal for simple chemical substances, like 
salicylate since it contains two very different functional groups. It was found via the 
interpretation of FTIR spectra that salicylate coordinates directly to hydrous metal 
oxide surfaces forming an inner-sphere surface complex, but does not form the same 
surface complex on all oxides. Many other researchers 53  have contributed to this 
type of work, especially in the interpretation of the spectra. 
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Diffuse Reflectance FTIR (DR-FTIR) 54 has also been used to look at alumina 
surfaces. Previous IR work had shown alumina surface hydroxyls to be very weak 
acids. Now, conventional DR-FTIR has provided a detailed picture of the 
arrangement of surface hydroxyl groups and surface Lewis acid sites. Three types of 
Lewis acid sites have been revealed by pyridine adsorption. On pyridine adsorption, 
it is hydrogen bonding that 'holds' together surface hydroxyls and the adsorbed 
molecule. The reactivity of these surface hydroxyls has now been explained as a 
result of the DR-FTIR studies. 
Conventional infrared spectroscopy has been utilised 55,56,57  to extract 
information on the adsorption of a variety of ligands onto mineral surfaces. In most 
of these cases, however, dry samples are required, restricting the in-situ study of 
surface interactions. Despite this, these conventional methods have still played a role 
in providing insight to adsorption mechanisms and surface structures. An early 
study 8 of surface hydroxyl groups on iron oxides assigned eleven infrared bands in 
the spectrum to OH-stretching vibrations of surface hydroxyl groups. In the majority 
of these studies 59,60,61  the adsorption has been characterised as a ligand exchange 
reaction, mainly involving, phenol, catechol and chiorophenols, with surface OH 
groups. 
Other types of spectroscopy used to characterise and study the properties of 
metal oxide surface complexes have included polarised fluorescence spectroscopy 
and inelastic Electron Tunnelling Spectroscopy (lETS). The former offers 
significantly higher sensitivity than its more commonly used IR counterparts. It is 
the inherently weak absorbance of IR active bands that is responsible for its lack of 
sensitivity, meaning that high surface coverages are essential. This can often be 
uncharacteristic of natural samples and increases the likelihood of detecting outer 
sphere complexes. The work of Ainsworth et al.62 on the characterisation of 
salicylate-alumina surface complexes by adsorption isotherms, pH, ionic strengths 
and fluorescence spectroscopy indicated co-existence of both inner sphere and outer 
sphere complexes. It was the fluorescence spectroscopy measurements that furthered 
the knowledge gained on these complexes by revealing which types of species were 
more prevalent at varying levels of surface coverage. 
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JETS is a non-optical vibrational spectroscopy which can provide information 
on the chemisorption of molecular adsorbates on a metal oxide layer with a 
monolayer coverage as low as approximately 2% or less on aluminium oxides. 
Benzenedimethano 1, hydroxybenzy 1 alcohol and hydroxyphenethyl alcohol with 
hydroxyl groups in the ortho, meta and para positions were investigated 62  using the 
lETS technique. The interest in the mode of action of these materials with oxide 
films is in an adhesion context, since they may be able to serve as crosslinking agents 
in resins. The lETS adsorption of such compounds adsorbed on thin-film oxides of 
aluminium inferred in one study, 63 that 7-membered chelate ring formation occurred. 
The JET spectra successfully indicated the mode of adsorption at the oxide surface. 
The work of Henrich and Cox 64  provides an extensive compilation of work in 
the surface science of metal oxides, cataloguing many of their surface reactions. It is 
also a useful source for the physical and electronic properties of metal oxide 
surfaces. Another authoritative source 65  of information is supplied by Blesa et al. in 
their work on the interaction of metal oxide surfaces with complexing agents in 
water. This review focuses on one particular surface complexation reaction: the 
chemisorption of anions. The spectroscopic and structural characterisation of surface 
complexes is also discussed along with their reaction kinetics. 
1.6.1 Introducing Adsorption Isotherms 
One of the most common means of assessment of the binding strength of a ligand 
onto a metal oxide surface is by measurement of its adsorption isotherm 66,67,68  and 
thus this technique was chosen for use in this project. Although it is not a 
characterisation, it is a valuable means for evaluating the adsorption characteristics 
of an adsorbate. An adsorption isotherm allows the investigator to plot the amount of 
ligand (adsorbate) adsorbed as a function of concentration of ligand in solution (see 
Figure 1.10). 
In principle, the two informative features that an isotherm can provide are 
associated with its shape. 69,70  The strength of ligand binding can be obtained from 
the isotherm's initial gradient , 7 ' and the surface coverage is indicated by the 
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appearance of a plateau region. Modes of action of surface ligands can often be 
implied by comparison of adsorption isotherms. A more detailed discussion is 
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Figure 1.10 	The common isotherm shape for adsorption from a dilute solution 
which follows the Langmuir equation. 
1.7 Molecular Modelling Approaches 
1.7.1 Simulation of Surface Complexes: Strategy Development 
Over the past fifteen years, an increasing number of researchers have undertaken the 
challenge to characterise, experimentally (§1.6) and theoretically, metal oxide 
surfaces. Despite these efforts, an understanding of the chemical interactions at the 
metal oxide-aqueous interface, on a fundamental atomic level has not yet been 
accomplished. This gap, along with the desire to reproduce experimental parameters, 
and even to predict unknown structures, has led to the development of an appropriate 
structure simulation strategy. Many of these refer to computational methods 
designed specifically to simulate chemical structures and are based on the four 
categories, the I-Iartree-Fock, density functional, semi-empirical and force field 
19 
methods, all of which are described in detail in the text 72  of Jensen. The last 
approach, using molecular mechanics was chosen in this work due to its modest 
computational requirements, in comparison to the other options. The strategy 
developed by S. Harris 73 is based on one defined 74  in 1993 by Docherty et al. and 
comprises five major stages for an integrated investigation of the mode of action of a 
surface ligand. 
Stage I involves establishing models for the surface structure of the metal oxide 
adsorbent, M. The Inorganic Cambridge Structural Database (ICSD) 75 houses the 
appropriate metal oxide crystal structures. The surface which would be created by 
cleavage of the metal oxide crystal structure using a particular set of Miller indices 
{h k l} is used as a starting point for modelling. These Miller planes are generally of 
low order on the justification of the Bravais-Friedel Donnay-Harker (BFDH) 
morphology theory76 which is used to predict crystal habits. 
Stage 2 establishes the favourable binding mode(s) and geometry for the 
adsorbate, L. This works on the assumption that the physical 'characteristics' 
pertaining to complexes at aqueous surfaces are similar to those governing the 
formation of small molecule complexes which have been largely defined by X-ray 
diffraction structure analysis of single crystals. Thus the Cambridge Structural 
Database (CSD) 77 is relied upon heavily to provide relevant crystal structures, 
displaying coordinate interactions between metal atoms and ligand functionalities. 
Plausible binding modes and geometries between the adsorbent and aqueous metal 
oxide substrate under study are inferred from the search results. In some cases where 
no relevant complexes of a particular ligand type are available in the CSD, synthesis 
and structure determination of appropriate model compounds has to be 
undertaken. 6.70 
Stage 3 identifies as many binding sites as possible for L on M, having gained the 
coordination requirements and geometry of L in stage 2. The outcome of this stage 
is a range of possible models for the inner-sphere adsorption complex, C. This is 
achieved by pattern matching. The models are formed by docking ligands onto 
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binding sites that were identified in stage 1. Usually, a surface active ligand, L 
comprises a multiple donor set which is inclined to coordinate to several metal sites 
on the surface (refer to Figure 1.3: surface complexation vs. sequestration). 
Stage 4 applies molecular mechanics to each of the preliminary models revealed in 
stage 3. The energy of the starting model is calculated by applying a force field 
which alters the energy functions such that the lowest energy required to maintain a 
stable conformation is achieved. A commercially available program, Cerius2 78 then 
serves to perform energy minimisation calculations changing atomic positions as 
required. The Universal force field (UFF) 79 which was designed to treat any element 
within the periodic table was used in this study. 
Stage 5 involves structural assessment and comparisons of all the models. Structural 
parameters such as bond lengths, angles, torsions and intermolecular distances are 
used to rank the existing models in order of the most favourable model, based on 
how well these compare with conventional values seen in well characterised systems. 
1.8 Alcan 
Alcan24 is one of the world's largest aluminium and packaging companies with 
aluminium fabrication and primary aluminium facilities in 3 7 countries worldwide. 
Alcan Chemicals, Europe8° is one of the four business groups that composes the 
company and has helped to fund this project. 
1.8.1 Alcan Test Protocols 
Alcan's interest in the project lie in being able to control polymer flammability and 
relate to the manufacturers' of plastics and rubbers requirements to meet fire 
performance standards. Combustible polymers are used in a wide range of 
applications8' .82  in the modern world, including construction of residential and 
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commercial buildings, public transport facilities and telecommunications equipment. 
Consequently, public exposure to such materials is common and fire risks are a 
concern. Fears are not restricted to flame and heat; many fire-related deaths are 
caused by inhalation of smoke 83 or other toxic fumes, increasing the attention 
directed at the formation and release of by-products of combustion. The way in 
which these problems can be combated was discussed in §1.3.3 where the use of 
ATH as a flame retardant was highlighted. Alcan produces this material in large 
quantities. 
The majority of ATI-1 is produced via the Bayer process (1.3. 1).  ATH used in 
metal production is relatively impure and is grown to a median particle size of 
approximately one hundred microns. Technical and chemical grades are produced 
from finely tuned processes and have lower impurity levels with a typical particle 
size of about fifty microns. These grades of ATH can be ground down to 
considerably smaller particle sizes, but the grinding process produces very irregular 
crystal fragments with a broad particle size distribution. Alcan's Superfine® range of 
ATH is produced under carefully controlled conditions delivering regular crystals of 
99.8% purity Al(0H3 ) and with a diameter of only one micron. This Superfine range 
is classified according to surface area. 
Table 1.2 	Alcan Superfine product range, courtesy of Alcan Chemicals Europe. 
Superfine  BET Surface AreaRange I m2g 1  
Range 2-3.5 3-6 6-8 8-10 10-12 
Standard SF2 SF4 SF7 S179 SF11 
Electrical SF2E SF4E SF7E SF9E SF11E 
Densified SF2ED SF4ED SHED SF9ED SF1IED 
Super 
Dense 
SF4ESD SF7ESD SF9ESD SF11ESD 
Alcan Superfine grades provide a high flame retardancy performance 84 as 
defined by a series of rigorous testing procedures. Alcan's test protocols focus on 
fire and smoke tests, but the physical properties (such as elongation and tensile 
strength of the new ligand coated ATH also have to be tested. This is dealt with in 
§2.5, and only the fire performance tests will be discussed here. 
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The Limiting Oxygen Index (LOl) is usually the first test to be performed on a 
sample as it is very simple to perform. It compares the relative flammability of small 
scale samples by recording the minimum oxygen concentration required to promote 
ignition of a sample. This method was also used to test the new materials 
synthesised in this work and is therefore discussed further in §2.5.3.4. Tests 84 
performed at Alcan Chemicals have highlighted an increase in LOT with an increase 
in Alcan Superfine loading. 
This test result is reinforced by cone calorimetry. 85  Time to ignition is defined 
as the time that passes from the initial exposure of sample to heat flux to the time of 
ignition. It was found that high loadings of Alcan Superfine delays ignition for the 
longest period of time. The heat release measures the potential ability of the sample 
to catch fire, and a lower number represents a better fire performance. An increase in 
filler loading results in a decrease in the total heat released. Finally, in cone 
calorimetry, smoke is measured by monitoring the obscuration of a light source. The 
amount of smoke generated per unit mass of sample consumed over the entire test 
period is measured; a low number reflects a small amount of smoke. The initial LOl 
test results are confirmed again in this test, where increasing the Alcan Superfine 
loading decreases the amount of smoke produced. So, in general, the cone 
calorimetry results are comparable with those collected from the LOT tests. These 
tests, along with physical property tests, are carried out for every new potential flame 
retardant compound. 
1.9 Research Undertaken and Layout of Thesis 
The following chapter describes the synthesis of the derivatives of gallate esters used 
in this work and presents their adsorption isotherm results. With time, it was 
recognised that the limitations of this technique were hindering access to 
experimental results, thus there was a need for an extended plan. Although the 
isotherms do satisfy the initial aim, i.e. to determine whether a certain ligand was a 
suitable surface ligand for ATH, it does not provide the quantitative results hoped 
for. The reasons for this are discussed in §2.3.2. 
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Chapter 3 attempts to rationalise some of the isotherm results and investigates a 
variety of different headgroups for the ATH surface via molecular modelling. 
The niaiii limitation of using adsorption isotherms is that it is an extremely 
lengthy process and therefore a quicker, more convenient method for ligand binding 
assessment was sought in Chapter 4. Alternative screens include competitive 
binding studies using ICPAES to detect Al and Si concentrations, and 
electrochemistry. The electrochemistry method relies heavily on the corrosive 
behaviour of Al electrodes dipped in weakly corrosive solutions containing the 
candidate surface ligands. A poor ligand will not bind well to the electrode so cannot 
act as a corrosion inhibitor and thus the electrochemistry will reflect corrosion of the 
electrode. The last technique, which is another competitive binding study, but 
involves dye labelled experiments, is discussed extensively in Chapter 5. 
24 
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CHAPTER 2 
Gallate Esters and Other 
Derivatives of Gallic Acid 
2.1 The Candidate Ligand 
Earlier research' 2,3  has indicated that a surface ligand must contain at least two donor 
atoms capable of interaction with the ATH in order to offer a performance of equal 
or higher standards to that of the silane-coated ATH. These findings' were based on 
melt viscosity profiles which are briefly discussed in §2.5.3.6. Pyrogallol possesses 
three donor atoms, each of which is potentially capable of bonding to the aluminium 
oxide surface and due to the success' of gallate esters in the dispersion of aluminium 
oxide fillers in polypropylene matrices, the I ,2,3-trihydroxybenzene unit was judged 
to be a useful ligating head group. Gallate esters (Figure 2.1) were initially selected 
for study. 
Figure 2.1 	3,4,5-Trihydroxy benzene head group with ester linkage as tail group. 
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In terms of the suitability of the ligand for binding to the aluminium hydroxide 
surface, the nature and length of the tail group were considered to be of lower 
importance than the head group functionality. Nevertheless, in this project, for the 
purposes of introducing desirable physical properties to the end product, a variety of 
tail groups were incorporated into the ligand (2.4.1). Preliminary work carried out 
at ICl/Zeneca4 indicates that straight chain alkyl and branched chain alkenyl groups 
attached directly to the head groups, or via an ester linkage offer low melt viscosities. 
These results were used as a starting point in this work. 
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2.2 Adsorption Isotherms 
The contributions of many different interactions have been evaluated on the basis of 
the partitioning of an organic sorbate between solution and metal oxide surfaces. 
Spectroscopic techniques such as Fourier transform infrared' (FTIR), fluorescence 6 
and electron spin resonance  (ESR) have proved valuable in helping to understand 
the processes contributing to the surface adsorbed organic species. In this project as 
a means of studying the physical chemistry of the ligand and the ATH surface, 
adsorption isotherms which relate the concentration of adsorbate in solution to the 
amount of ligand adsorbed at constant temperature are used extensively. An 
invaluable text 8 on the adsorption of small molecules which encompasses 
thermodynamics, mechanisms of adsorption and adsorption isotherms is offered by 
Parfltt and Rochester. 
The standard procedure employed is to record the UV/visible spectrum of the 
residual ligand after the adsorption-desorption equilibrium has been achieved. From 
the resulting spectrum, the concentration of remaining ligand can be determined 
using the Beer Lambert law, Equation (2.1). 
A denotes absorbance, c is the extinction coefficient in mol' dm3 CM-1, C represents 
the residual concentration in mol dm -'and I is the path length in cm. The linearity of 
the dependence of absorbance on concentration does not normally extend to high 
concentrations. Consequently the analysis was carried out by ensuring, via dilution, 
that absorbance values did not exceed 1. 
The solvent used was reagent grade 95% methanol/water. This system was 
chosen to provide a solvent with the high activity of water but in which various 
aromatic ligands have reasonable solubility. It also has a good 'window' for the 
UV/visible region of the spectrum. Experimental procedures are described in detail 
in §2.7. 
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Important components of such a study are: 
the shape of the isotherm; 
the significance of the plateau; 
whether the adsorption is monomolecular or extends over many layers; 
the orientation of the adsorbed molecules; 
the rates at which equilibrium of adsorption and desorption is achieved. 
Although most adsorption isotherms, from dilute solutions, have the shape 
typical of a Langmuir isotherm shown in Figure 1.10, various other shapes are 
possible. They were classified in 1960 by Giles et al. and then later in 1974, Giles 
and other workers, provided a theoretical basis' ° for the various classes of isotherms 
shown in Figure 2.2. Isotherms obtained in this work are discussed in detail in §2.3.2 
and §2.4.2. 
The 'S type is convex while the 'U or Langmuir type is concave to the 
concentration axis. The 'H' or high affinity type is characterised by its exceptionally 
steep gradient at low concentrations and the 'C' or 'constant partition type' remains 
linear at low concentrations of ligand. The subdivisions of each of these types are 
shown in rows 2-5 of Figure 2.2. 
Class 










Equilibrium concentration of solute 
Figure 2.2 	System of isotherm classification according to Giles et aI. 
33 
The shape of an adsorption isotherm is extremely informative, primarily in the 
gradient of the initial part of the curve. As a general rule: the steeper the gradient the 
stronger the binding of the ligand to the surface. An equally significant feature is the 
appearance of the plateau region. Usually, plateau adsorption corresponds to 
complete surface coverage or saturation. 
Chemisorption and physisorption have already been touched upon in § 1.5, but 
before the following work can be discussed, a slight regression on these two basic 
principles is necessary. Adsorption, for the ways in which atoms or molecules can 
attach to 1,12.13 has been well studied. Physisorbed molecules are adsorbed 
by long range van der Waal's interactions which are very weak, thus the energy 
released is small. Enthalpy values are in the region of 20 kJ mof' which are 
insufficient to promote bond breaking, allowing a physisorbed molecule to retain its 
identity although, in some cases the surface can distort it. Chemisorption dictates 
that strong chemical bonds are formed between the surface and the adsorbate and the 
enthalpy of chemisorption is around ten times greater than that of physisorption. 
Also in chemisorption, a binding site is available only once for the adsorbate 
molecule, resulting in monolayer coverage which exhibits an isotherm similar to L2 
in Figure 2.2. Multilayering becomes possible with the case of physisorption. Once 
a monolayer coverage has been achieved weaker interactions, such as hydrogen 
bonds, between surface bound particles or the surface itself can occur forming an 
additional layer. A typical isotherm shape for this scenario is shown by L4 in 
Figure 2.2. 
In a particular study of four adsorbates 14  including the adhesive protein isolated 
from the blue mussel, on to stainless steel, the maximum number of binding sites and 
affinity constants were calculated via adsorption isotherms. The mussel protein 
which contains catechol functionalites showed the highest affinity constant for the 
steel of all the adsorbates and exhibited multilayer adsorption at the protein/metal 
interface where the other adsorbates adopted Langmuir-type monolayer coverage. 
This work conducted by Hansen et al.'4 applied the Langmuir equation to the data 
collected for all four adsorbates and initially concluded that they all adhered to the 
model. However, on further investigation of the same work, it was discovered that 
maximal adsorption had not taken place for the mussel protein at the concentrations 
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used. The data fit curve was extended to reach an asymptote, which revealed the 
systems data had not been adequately described by the Langmuir model. Multilayer 
adsorption was offered to explain the deviation. Other researchers' 5,16 had already 
observed that mussel protein continues to adsorb on top of itself and Nagafuchi et 
al. 17claim that the adsorption of the same mussel protein demonstrate multilayer 
adsorption on glass at bulk solution concentrations greater than 5.0 x I 0 p.mol mr'. 
Multilayeririg can also be a result of aggregation' 8 of amphiphilic ligands 
where head to head and tail to tail interactions occur forcing the arrangement 
illustrated for octyl gallate in Figure 2.3. The work of Stirling et al.' 8 on calix-4-
resorcinarenes reports the first observation of extensive and rapid multilayering from 
bulk solution on to an ordered film where they propose the deep interdigitation 



































Figure 2.3 	Arrangement of the octyl gallate ligand used in this project highlighting its 
amphiphilic character. 
The crystal structure for a closely related ligand to the one shown in Figure 2.3, 
hexyl gallate (2.LV) was obtained during this project, see §2.3.1 and Figure 2.6. 
From this, the model below was created 19 to emphasise the possibility of the 
preferred arrangement of amphiphilic ligands. 
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Figure 2.4 	Spacefilling model of the crystal structure of hexyl galiate, 2iV illustrating 
head-head and tail-tail interactions. 
In Figure 2.4, it is easy to observe the head-head interactions separated by tail-tail 
interactions. The tail alkyl chain length is not long enough to promote complete 
interdigitation, but still, a good 'fit' is achieved. This model also provides insight as 
to how this particular ligand may lie on the ATH surface. Primarily, as a result of 
headgroups binding to the metal oxide surface, the tails will point upwards arranged 
in straight chains. 
An indication of the orientation of the adsorbed molecules can be gained 
through the use of molecular modelling techniques in conjunction with the isotherm 
results. This is considered in more detail in Chapter 3. 
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A number of parameters associated with the determination of isotherms need to 
be defined before a systematic investigation is carried out. One important factor is 
the length of time needed for equilibration to be achieved. Some have reported 20 a 
suitable time of six hours, since this is long enough to complete adsorption reactions 
but short enough to limit autoxidation of the test ligand (catechol). In this project, 
experiments were conducted where reaction times were varied in the range of 1 hour 
to 24 hours. It was concluded that two hours was sufficient for equilibration. 
2.2.1 Evaluating Isotherm Data 
Diagnostic features of a particular Langmuir type adsorption isotherm include: 
the equilibrium constant of adsorption/desorption (component K in Equations 2.2 
and 2.3) 
the number of available adsorption sites for monolayer coverage (component a in 
Equation 2.3) 
the strength of ligand binding to the surface, and 
the required surface area per ligand. 
Physical equations derived for sorption processes are well established, 2 L22  the 
simplest and best known being the Langmuir Equation. It is based on three 
assumptions; adsorption cannot proceed beyond monolayer coverage, every site is 
equivalent and the ability of a particle to bind is independent of whether 
neighbouring sites are occupied or not. 
The Langmuir model outlined in Equation (2,2) is highly favoured by researchers in 
the field. 0 denotes the fractional coverage, K represents the equilibrium constant 
between adsorption and desorption and p is the pressure of adsorbate for a gas/solid 
system Only small modifications have to be undergone to yield Equation (2.3) for a 
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liquid/solid system, where y is the amount of adsorbed ligand, x is the initial ligand 
concentration, a represents the maximum number of available adsorption sites and K 
denotes the equilibrium constant of adsorption/desorption. 
Equation (2.3) is derived from the assumption that an adsorbate from solution, 
A, occupies an adsorption site on the surface, S, of a solid to provide the adsorbate 
on the surface site, SA, in 1:1 stoichiometry. The dynamic equilibrium is shown in 
Equation (2.4) along with the expression for the equilibrium constant, K. The 
derivation of the Langmuir equation can be found 21,22  in many physical chemistry 
textbooks. 
The surface area which appears to be occupied per molecule of adsorbate (ligand) at 
full coverage of the site is then related to the number of adsorption sites on the 
surface by Equation 2.5. 
These equations highlight that the important factors to be taken into consideration are 
both the ligand size and the bond strength between the ligand and the surface since 
the ligand should ideally cover the metal oxide surface with a high packing density. 
A weak bond strength leads to a small surface coverage at equilibrium, which in turn, 
is reflected by low levels of determined available adsorption sites. A consequence of 
this is an over-estimation of the calculated surface area required per ligand molecule. 
It was hoped to investigate how these factors relate to 1,2,3-trihydroxybenzene-
containing ligands typified by derivatives of gallic acid. 
It was perceived that a quantitative analysis could be carried out on the 
isotherm data to yield numerical values for the number of available adsorption sites 
(a) and the equilibrium constant (K). Ultimately these values will lead to a value for 
the surface area required per ligand and can be compared to molecular modelling 
results. Equation (2.3) provides an expression for use as a fitting function with 
parameters 'a' and 'K' and using a rectangular hyperbola model the fittings were 
carried out using the software package 23  ORIGIN by Microcal. 
2.3 Results and Discussion 
A series of gallate esters. 2.1 - 2.X (Table 2.1) was prepared to investigate the 
binding of the 3,4,5-trihydroxybenzene unit on to the metal oxide surface. It was 
also hoped that variation of the length and branching of the alkyl chains could lead to 
different propensities for multilayering. 
2.3.1 Synthesis of Esters of Gallic Acid 
Initially, the simple gallate esters with varying alkyl chain lengths were synthesised 
via the direct esterification of gallic acid and an appropriate alcohol using p-
toluenesulfonic acid as a catalyst, a preparation 24,25,26 which is well documented. 
This direct esterification method, shown in Figure 2.5, was first tested for the 
preparation of n-octylgallate (R = n-C 8H 17). 
[pTSA) 
+ 	ROH 
toluene, reflux 24h 
H 20 
Figure 2.5 	Synthetic scheme for the gallate esters. 
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Unexpected problems were encountered. From the outset, toluene was the chosen 
solvent, but the time required to complete the esterification, recognised by the 
amount of water collected in the Dean Stark trap, was excessive, resulting in 
oxidation of the reaction mixture. This was detected by the change in colour on 
heating from the original cream coloured suspension to a clear, deep wine solution. 
The red colouration persisted in the final solid product rendering the material 
difficult to purify and to use in adsorption isotherm studies which are dependent on 
monitoring UV/visible spectra. Recrystallisations had to be conducted repeatedly, 
sometimes up to five times to satisfy purity requirements. This proved to be time-
consuming and reduced yields. In an attempt to overcome the problem, esterification 
reactions were carried out under a nitrogen atmosphere and the solvent was changed 
to xylene to reduce the reaction time (xylene b.p. 143-145°C cf toluene b.p. 110°C). 
Although these modifications did not prevent oxidation, they appeared to reduce it. 
Because higher esters of gallic acid have high value as antioxidants 24 ' 26and thus 
have the potential to prevent rancidity in fats and fat-containing foodstuffs, feeds and 
cosmetic preparations a variety of synthetic methods have been reported. 
Wijesekera and coworkers 24  encountered synthetic problems and they conclude 
that the direct esterification method can only be used successfully for the preparation 
of the lower alkyl esters. They suggest that esters with alkyl chain lengths containing 
more than six carbons (also in accordance with the earlier work of Bergel 27) should 
be prepared by first converting the acid to the acid chloride using thionyl chloride. 
Other researchers considered this method inappropriate in the case of gallic acid, due 
to the impossibility of preparing galloyl chloride. 
Van der Kerk and coworkers 28 dispute the two points made in previous work 
and report 1) the preparation of higher esters using the direct esterification method 
and 2) the preparation of esters via galloyl chloride. A good introduction to the 
action of thionyl chloride on organic acids is provided 29 by McMaster et al. The 
preparation 24,30  was carried out by refluxing gallic acid in a large excess of thionyl 
chloride which produced a light brown coloured mixture containing undissolved 
gallic acid. In our hands, after the heating period, the excess chloride was removed 
by vacuum distillation, but the original amount of thionyl chloride (100 ml) used at 
the start of the reaction was now collected, the first indication that something was 
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wrong. Various steps were carried out in the reaction work-up, but analysis of the 
grey coloured product confirmed the reaction had not proceeded. After some 
investigation, fresh thionyl chloride was used increasing the success of the synthesis, 
but still the purity of the product was not satisfactory. A final option reported in the 
literature for the esterification of carboxylic acids with alcohols or thiols is a method 
that is highly successful in the synthesis of sugar and amino acid derivatives; the 
dicyclohexylcarbodiimide (DCC) method, 31 ' 32 which does not appear to have been 
used for many other purposes. It has proven to be particularly successful with the aid 
of a 4-dimethylaminopyridine (DMAP) catalyst. The catalyst has been reported 31  to 
accelerate the DCC-activated esterification so efficiently that the formation of side 
products is suppressed and even the most sterically demanding esters have been 
achieved in good yields. 
In our work. DMAP dissolved in hexanol, was added to a solution of gallic 
acid in dichloromethane. After cooling to 0°C, DCC was added and the resultant 
mixture was stirred for three hours at 20°C. The pale yellow precipitated urea was 
filtered off and the filtrate was evaporated in vacuo to leave a small amount of cream 
coloured material which was dissolved in chloroform. After various washing steps 
with aqueous solution a dark yellow oily solution obtained after evaporation of most 
of the dichioromethane, was left to crystallise. A small amount of white 'flufl solid 
was obtained as the desired ester. This method was used to produce hexyl gallate 







Figure 2.6 	Synthetic scheme for the attempted synthesis of gallate ester via the 
DCC method. 
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In summary, the original direct esterification procedure proved not to be as 
straight forward as originally thought and a variety of alternative methods have been 
tried. However, none of these alternatives generated an ester in any more 
satisfactory yields or purity. Thus, the direct esterification method, due to its 
simplicity and convenience, was ultimately chosen to obtain esters with alkyl chain 
lengths in the range from n-C3H 7 to n-C 18H37 . The compounds prepared are listed in 
Table 2.1 and the experimental details for their preparations are described in §2.7.5. 
Table 2.1 	Summary of the gallate esters prepared in this work. 
LIGAND NAME R GROUP STRUCTURE 
n-Propyl galiate (2.1) n-C3 H7 
0 	OR 
HO 	 OH 
OH 
n-Butyl gallate (2.11) n-C4 H9 
n-Pentyl gallate (2.111) n-05H 11 
n-Hexyl gallate (2.IV) n-C6H 1 3 
n-Heptyl gallate (2.V) n-C7H15 
n-Octyl gallate (2.Vl) n-05 H 17 
n-Dodecyl galtate (2.V1I) n-C12H25 
n-Tetradecyl galtate (2.VIlI) n-C14H29 
n-Hexadecyl gallate (2.IX) n-C 16H33 
n-Octadecyt gallate (2.X) n-C 18H37 
The crystal structure of hexyl gallate was obtained by Andrew Parkin 33  from a single 
crystal grown by vapour diffusion from ethanol into a chloroform solution of 2.1V. 
Figure 2.7 shows the layered sheet structure with interlayer hydrogen bonding 
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Figure 2.7 	Crystal structure of hexyl gallate, 2.IV highlighting the intra- and 
intermolecular hydrogen bonding network. 
Table 2.2 	Selected derived parameters from the crystal structure of hexyl gallate. 
Parameter Length Parameter Angle Parameter Torsion 
C4-03 1.369(2) 03-.C4-05 116.3(2) 01-Cl -C2-C3 7.87(0.29) 
C5-04 1.366(2) 04-05-C6 117.8(2) C2-C7-C6-05 179.28(17) 
C6-05 1.367(2) 04-05-C4 122.3(2) C3-C4-05-04 -179.28(17) 
03-04 2.728(2) 05-C6-05 121.2(2) C2-C3-C4-03 179.21(16) 
04-05 	2.731(2) 	C2-C1-C13 	123.4(2) 
The parameters in Table 2.2 were chosen to aid the molecular modelling strategy 
used in Chapter 3. These parameters serve to provide a basis for the models 
constructed therein. 
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Crystal system, Space group 
a/A, b/A, c/A 
cxi°, i 
Volume, U/A3 
Crystal description, Size/mm 
VA, TIK 
D0/Mg m 3, .i1mm 1 , F(000) 
Scan type 
0-range! °  for data collection 
Absorption correction, Tmax Tm in 
Solution method, Program 
Refinement type, 
Program 
Total & lndept reflections, Rint  
Used & Obs. [F0 > 4c (F0 )] reflections 
Restraints, Parameters 
Extinct. coeff. 
Goodness of fit 
conventional R, weighted R 
Largest residuals/e A-3 ; Max. tIc 
W 1 (where P = 1/3[max. (F, 0) + 2 F0]) 
C5H3(OH)3 CO2 (CH2)5 CH3 
C 13H 1 805 
254.27, 2 
triclinic, P-i 
7.485(2), 9.826(2), 9.945(2) 
64.839(11), 82.127(10), 77.836(12) 
646.3(3) 
colourless tablet, 0.34 x 0.27 x 0.12 
154178, 220.0(2) 
1.307, 0.836, 272 
co—O 
4.92 to 69.97 
fli-scans, 0.982, 0.463 
direct, SHELXS-97 
full-matrix least-squares on F2 , 
SHELXL-97 
2945, 2288, 0.0201 
2286, 1876  
0, 176 
0.0128(17) 	 - 
1.043 
0.0463, 0.1373 
0.354, -0.196; -0.001 
02(F02) + (0.0729P) 2 + 0.2926P 
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2.3.2 Initial Isotherm Results for Gallate Ester Series 
2.3.2.1 Model isotherm results 
The isotherm for n-octyl gallate (2.VI) adsorption on to ATH is depicted in Figure 
2.8. The graph shows a rapid initial increase in adsorption up to a residual ligand 
concentration of 2.0 x 10-4 mol dm 3 , at which point a plateau region is observed, 
suggesting that saturation or monolayer coverage has been achieved. The amount of 
ligand adsorbed increases rapidly and almost linearly up to this point, clearly 
indicating a high affinity of n-octyl gallate for the ATH surface. Under comparable 
experimental conditions, adsorption isotherms with high slopes 34 indicate high 
adsorption energy. Based on ongoing work in the group on the uptake of ligands on 
high surface area goethite 35 and on ATH,36  the initial analysis of the isotherms for the 
uptake of gallate esters on ATH was attempted on the assumption of Langmuir 
behaviour. (See §2.3.2.3). 
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Figure 2.8 Adsorption isotherm for octyl gallate (2.VI) on to ATH. 
45 
2.3.2.2 Reciprocal plots 
An alternative approach for analysing adsorption isotherms is to plot the 
experimental data in their reciprocal form. This representation can be used to obtain 
values for the equilibrium adsorption constant, K, and for the maximum surface 
concentration, a, from the resultant linear plot (Equation (2.6)). Results for hexyl 
gallate (2.IV) are shown in Figure 2.9. An evaluation of 'a', and 'K, can be attained 
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(Residual ligand corxentration) 1 I mol dm 3 
Figure 2.9 	Plot of the reciprocal of ligand adsorbed per gram of ATH against the 
reciprocal of residual ligand concentration in solution for hexyl gallate 
(2.IV).  
Despite the convenience in obtaining values for parameters 'a' and 'K' that this 
method offers, it is not possible by simple inspection to obtain the information 
available from the conventional isotherm plot e.g. binding strength from the initial 
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gradient or the surface coverage from the plateau region. For this reason, the original 
method was the preferred option for presenting the isotherm data obtained in this 
project. 
2.3.21 Curve fitting 
The intention to extract numerical values for a' and K' from adsorption isotherms 
has been mentioned in previous sections. It was envisaged that this could be 
achieved by applying a model to the isotherm and carrying out a curve fitting 
operation in a similar procedure to that adopted by various other research 
groups 14,34-37,38,39  working in this area. Figure 2.10 shows the result of applying the 
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a 	0.00001 	±1.1361E.6 
b 	97457.99742 ±79615.69766 
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Figure 2.10 	Curve fit for octyl gallate (2.VI) on ATH adsorption isotherm. The model 
used to fit the data is based on a rectangular hyperbola. Chi 2 refers to 
the 'goodness of fit' of the curve to the experimental data points, and 'a' 
and 'b' represent the number of available adsorption sites and the 
equilibrium constant respectively, see Table 2.4. 
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Curve fitting analyses were conducted on all the gallate esters isotherm data 
collected in this section and are summarised in Table 2.4. Chapter 3 endeavours to 
rationalise some of these results. 
Table 2.4 	Evaluation results of adsorption isotherms using ORIGIN software and 
Langmuir model. 
Ligand Max. number of Equilibrium Required surface 
adsorption constant, K area / A2 
sites, a / mol g' 
Propyl gallate 1.2x10 5 14.7x104 94 
Butyl gallate 1.5x10 5 4.8x104 75 
Hexyl gallate 1.1 xl 0 23.1 xl 109 
Heptyl gallate 1.2x10 5 24.4x104 98 
* 5.9x10 6 24.4x104 197 
Octyl gallate 1.1 xi 0 9.7x1 102 
Tetradecyl gallate 1.3x10 5 17.4x104 92 
* 4.9x10 6 1.4x104 239 
Hexadecyl gallate 1.7x10 5 9.9x104 67 
* 8.6x10 6 10.0x104 135 
Octadecyl gallate 1.8x10 5 2.4x104 63 
* The data for these ligands were obtained also by applying the multi-Lan gmuir mode!. 
Refer to §2.3.2.6. 
Initially, all adsorption isotherms were treated on the assumption that they 
would obey the Langmuir model. This approach was based on the results of other 
researchers in the group e.g. D. Nation's work 35  on corrosion inhibitors for iron 
oxide surfaces which suggested that all of the adsorption isotherms follow the typical 
Langmuir format, and D. Henderson's investigation 36  of a range of phosphonate and 
carboxylate ligands on ATH where again the adsorption isotherms exhibited 
Langmuir behaviour. Of the isotherms determined for the gallate esters (2iV, 2.VI, 
2.VI11, 2.X) on the first analysis, based on an assumption of Langmuir behaviour, 
two showed unusual forms. 
2.3.2.4 Tetradecyl gal/ate and the possibility of multiple adsorption. 
When more than one species is adsorbed on to the surface, or adsorption of the same 
species occurs but with more than one binding mode, isotherms of the shape 'L4' or 
'H4' in Figure 2.2 are expected. Such shapes were observed for the isotherms for 
tetradecyl gallate (2.VH1) and for heptyl gallate (2.Y). These ligands do not appear 
to have reached saturation on the ATH and their isotherms are not adequately 
described by the simple Langmuir model, 'L2' in Figure 2.2 or the high affinity 
analogue 'H2'. Equation (2.7) offers a two term Langmuir equation which can help 
to rationalise such cases. 
We know that an assumption of the Langmuir isotherm is the independence and 
equivalence of the adsorption sites. A failure of these assumptions can often be 
reflected in deviations from Langmuir behaviour, thus many attempts' have been 
made to take these variations into account, one of which is Equation (2.7) where 
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Figure 2.11 	Curve fit using a two term series Langmuir model and a standard 
Langmuir model for tetradecyl gallate on to ATH. 
This equation can also be used to treat situations where more than one process is 
occurring simultaneously. In Figure 2.11, a curve fit using the ORIGIN software 
package and based on Equation (2.7) has been performed in the first instance where 
two variables are included in the model. As well as two adsorbates being involved in 
the process, Equation (2.7) implies further assumptions, such as the non-interaction 
of adsorbates on the surface. The purpose of the second isotherm in Figure 2.11, is 
to exemplify the deviation of the experimental data points from the standard 
Langmuir model. The statistical data also confirms the 'best fit' model to be the two 
term Langmuir equation since its chi squared value is smaller. 
Thus the fitting of data to a Langmuir model does not explicitly mean that 
adsorption alone is the mechanism for the loss of sorbate from solution. Often 
adsorption to a surface is succeeded by surplus interactions at the surface; surfactants 
(refer to §2.3.2.5) can undergo association reactions after becoming adsorbed or 
charged ions repel each other within the adsorbed layer. These are only two of the 
lateral interactions that will contribute to deviations from the Langmuir model. in 
such cases, a specific equation, known as the Frumkin equation, 4 ' is used to take 
these effects into account. 
Other researchers 37,41  have applied the Freundlich isotherm model outlined in 
Equation (2.8) which corresponds to a logarithmic distribution of Langmuir 
parameters, K. 
Where y represents the amount of ligand adsorbed on to the surface in mol g', x 
denotes the residual ligand concentration in mol dm 3 , and m and n are constants 
(n< 1). Spos1to42 derived this equation by generalising the expression for a two term 
Langmuir, shown in Equation 2.7, to an integral over a continuum of Langmuir 
equations. 
50 
Benoit el al. 37 examined the adsorption of a range of organic ligands (aromatic 
acids and chlorophenols) on to aluminium oxide. Adsorption isotherms for the 
aromatic acids showed saturation at high residual ligand concentrations, but no 
saturation was observed for the chiorophenols over the same concentration range. It 
was on this premise that the chiorophenoUs adsorption was modelled with the 
Freudlich., rather than the Langmuir equation. 
In summary, the unusual isotherm shape exhibited by tetradecyl gallate in 
Figure 2.11, could be accounted for by deviating from the simple Langmuir 
assumptions and using the alternative models described above. 'L3' or '1-13' in 
Figure 2.2 best describe the behaviour of this ligand. 
It is important to note that the interpretation of the results above, depends on 
relying on the precision of the isotherm data after a residual concentration of 
1.0 x 10-3  mol dm 3 . The scatter of the data points in this concentration region in 
subsequent isotherms has promoted the need for further investigation into this 
particular region. The outcome is discussed in §2.3.2.7. 
2.3.2.5 Octadecyl gallate 
The adsorption isotherm for the ligand with a C 'tail', octadecyl gallate, (2.X) 
appears to follow the '115' classification in Figure 2.2. However no indication of an 
increase in data points after the decreasing region is observed in its isotherm (Figure 
2.12) making this a particularly unusual and interesting feature. As was observed for 
the previous isotherms, the steep initial slope of the isotherm indicates that the ligand 
exhibits a strong binding to the ATH surface, probably of 'H-type' binding. The 
unusual feature of this isotherm is the gradual decrease in the amount of adsorbed 
ligand on to ATH after the plateau is reached at 1.55 x 1 0 g mor'. Such a trend was 
initially rationalised by allowing for the possibility of the formation of micelles in the 
solution and assuming that at higher concentrations, there is a thermodynamic 
preference for micelles to form in solution favouring transfer of the ligand from the 
surface in order for it to form such assemblies. After the critical micelle 
concentration (CMC), reflected by the presence of a plateau, is reached, the ligand 
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may be desorbed from the surface and transferred into free micelles. Later, this 
interpretation was thought to be invalid because the initial slope of the isotherm 
suggests very strong binding at the ATH surface and transfer of ligand molecules to 
micelles in solution is unlikely to be thermodynamically favourable. Also the drop 
in residual ligand concentration may be statistically insignificant especially if only 
data in the range zero to 1.0 x 10 -3 mol dm-' residual ligand concentration are 
considered to show high precision (see §2.3.2.7 and Figure 2.14). Also the 
adsorption isotherm behaviour recorded in the literature for other surfactant species 
is significantly different, with isotherms showing yet another shape. 
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Figure 2.12 Adsorption isotherm for octadecyl gallate (2.X) on to ATH 
Stearic acid, 43 which consists partly of the octadecyl chain, is noted for its role 
as a surfactant. The isotherm characteristics for anionic surfactant adsorption on to a 
positively charged oxide (e.g. sodium dodecyl sulfate at the alumina-water 
interface) can be divided into four regions according to the authors, Chandar et al.45 
and Somasundaran. 46 These are defined as follows: 
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I) Electrostatic interactions with the surfactant and the positively charged surface 
cause an initial slope of unity suggesting the anionic surfactant adsorbs as an 
individual ion. 
The onset of surfactant association at the surface via interaction of the 
hydrocarbon chains causes a sharp increase in adsorption, reflected by a steeper 
gradient of the isotherm. 
The increase in electrostatic hindrance to surfactant association (as a result of 
charge reversal at the interface) causes the slope of the isotherm to decrease. 
A plateau region is reached which indicates complete surface coverage or a point 
has been reached which is limited by constant monomer surfactant activity in 
solution as a result of bulk micellization. 
Work on the interaction of the anionic surfactant, sodium octylbenzene 
sulfonate, and dispersed iron oxide particles in water 47 , reports the adsorption 
isotherms as displaying an adsorption maximum in the region of the critical micelle 
concentration, (CMC). The presence of ferric ions in solution means that surface 
active complexes with the surfactant can be formed. After the CMC has been 
reached, the surface active complexes are desorbed from the surface and are 
solubilized into free micelles as the result of an extraction mechanism. When the 
desorption is complete, the isotherm levels off displaying a shape which corresponds 
directly to the four isotherm regions described above. The characteristics of 
surfactant adsorption revealed in the literature, do not correlate with the results 
obtained for octadecyl gallate suggesting that the micelle theory cannot be applied, 
even if the form of the plot at greater than 1.0 x lO mol dm 3 of residual ligand was 
empirically sound (see § 2.3.2.7). 
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2.3.2.6 Other ga/late esters 
In order to establish to what extent the unusual shape of isotherms of 2.VIII and 2.X 
are dependent on the alkyl chain length, other gallate esters (2.I-2.ffl, 2.V, 2.VTI-
2.1X) had to be synthesised to complete the series ranging from chain lengths of C3 
to C 1 8. Their isotherms in (Figure 213) also show a high binding strength, but the 
resultant patterns at higher residual concentrations require closer inspection since no 
obvious plateaus are present. 
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Figure 2.13 	Adsorption isotherms for 	oropyl 	gauale, 	butyl 	gallate, 	heptyl 	gallate 
tetradecyl gallate, hexadecyt gallate and octadecyl gallate on to ATH. 
Indeed, a common feature of many of these isotherms is the scatter of points at 
higher residual ligand concentration. An analysis of the reliability of data in this 
region is presented below. 
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2.3.2.7 Experimental errors-scattering of data 
The hexyl gallate isotherm (red data) shown again in Figure 2.14 provided a typical 
example of the scatter shown at residual ligand concentrations greater than 1.0 x 10 
mol dm 3 . Initially this scattering was attributed to experimental error arising from 
the large number of dilutions required at this point. Duplicate experiments were 
conducted in an attempt to improve the experimental technique and thus reduce 
errors and data scatter, giving more confidence in the isotherm plots. Results of 
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Figure 2.14 	Adsorption isotherm for hexyl gallate, (2.IV) on to ATH 
These experiments indicate that there is an unacceptably high scatter in points where 
the residual ligand concentration exceeds 1.0 x 10 -3 mol dm 3 . Observation of Figure 
2.14, simply by eye, tends to suggest that if an average of all of the collected data 
points is taken, the resultant isotherm would be similar to that of the typical high 
affinity type 'H2' depicted in Figure 2.2. 
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2.3.2.8 Validity of 'cut offpoint' 
Other researchers 1434.3536.48.49  in this area only quote isotherm data up to 1.0 x 10 
mol dm 3 residual ligand concentration. Consequently for the gallate ester ligands it 
was considered appropriate to only present and compare all isotherms in the range 
zero to 1 x 10 mol dm 3 residual ligand concentration. 
For the case of octadecyl gallate, this representation paints an entirely different 
picture to what was shown in Figure 2.12, and is depicted in Figure 2.15. 
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Figure 2.15 Adsorption isotherm for octadecyl gallate on to ATH 
Now, Figure 2.15 conveys typical H-type adsorption behaviour losing any 
suggestions of surfactant adsorption characteristics. In conclusion, analysis of 
isotherm curves has to be approached with a great deal of care. A close examination 
of each concentration region must be conducted before any conclusions can be 
drawn. For these reasons, some researchers 50 ' 5 ' have chosen not to curve fit the 
56 
collected isotherm data and the isotherms serve as a qualitative, rather than a 
quantitative indication of ligand binding strengths. 
2.3.3 Summary 
Figure 2.16 completes this section by depicting all of the isotherm results collected 
for the gallate ester series up to the 'valid cut-off' point of I x 10 mol dm 3 . 
Without exception, the isotherms confirm the strong binding of gallate esters to the 
ATH surface. 
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Figure 2.16 Re-scaled adsorption isotherms for propyl gallate, butyl gallate, hexyt 
gaHate, heptyl gallate, octyl gallate, tetradecyl gallate, hexadecyl gallate 
and octadecyl gallate on to ATH. 
A noticeable trait demonstrated by the isotherms, is their differences in surface 
coverage. While hexyl gallate and octyl gallate plateau at a surface coverage of 
57 
approximately 1.1 x 10 mol dm 3 , the isotherm for octadecyl gallate does not level 
off until 1.5 x 10-5  mol dm 3 is approached. However, these differences were 
approached initially with some caution, as the numerical range under question may 
not be statistically significant. To improve confidence in the isotherm results, each 
isotherm determination was repeated several times. An examination of the repeat 
isotherms shows the data points to vary considerably in the higher residual 
concentration range (see Figure 2.14) in many cases with an associated error of 
± 0.4 x 10-5 mol. This renders the difference between octyl gallate and octadecyl 
gallate to be statistically invalid. Octadecyl gallate did, however, consistently show a 
higher coverage than any of the other gallate esters and the shapes of the isotherms of 
the gallate esters are interesting enough to merit further examination in Chapter 3 
where molecular modelling techniques are used. The differences in surface coverage 
may be associated with the longer alkyl chain length of octadecyl gallate, perhaps 
forcing its binding orientation on the surface to be altered. 
2.3.4 Review of Factors Limiting the Validity and Interpretation of 
Adsorption Isotherms 
The experimental procedures adopted to produce the adsorption isotherms in this 
project need to be analysed to ensure that valid comparisons can be made between 
the isotherms for different ligands and that sound conclusions can be drawn when 
there appears to be differences in sorption behaviour. Several factors associated with 
the ligands are important in determining the quality of the isotherms: 
I) Position of maxima in electronic spectra of the ligands. 
Primarily, the ligands under study must possess a functional group capable of 
absorbing light above 180 nm, i.e. the ligand must contain a suitable chromophore. 
An important feature for UV/vis spectroscopy of organic unsaturated compounds is 
that several chromophores can be joined together to create a chromophoric system. 
This results in the light absorption being moved to longer wavelengths 
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(bathochromic shift) and simultaneously there is usually an intensity increase known 
as hyperchromism. Since a suitable absorption maximum is necessary to carry out 
the initial stages of the procedure, it is restricted to these chrornophoric systems 
which include aromatic substances and in particular organic dyestuffs. 
Chemical stability of the ligands. 
Chemical changes will result in alterations to the UV/vis spectra which are being 
used to monitor the uptake of the ligand from solution. This rather obvious point 
requires serious consideration since the measured absorbance will then no longer 
relate the residual concentration of the ligand in solution. Examples of this type of 
problem are the air oxidation of catechols, pyrogallols and related systems or the 
hydrolysis of esters or other functionalities used in the isotherm experiments. 
Magnitude of extinction coefficient of the ligands. 
The magnitude of the extinction coefficient determines the sensitivity and the limit of 
detection of the photometric determination. One of its most important properties is 
its strong dependence upon the wavelength of absorbed light. In experimental terms, 
the extinction coefficient controls the detection of the concentration differences after 
adsorption: [initial] - [residual] = [adsorbed]. These differences can be amplified via 
a large extinction coefficient, but this will increase the source of errors as additional 
dilutions will become necessary. A smaller extinction coefficient will correspond to a 
low absorbance peak which may be too weak to abstract reliable results from. The 
greatest extinction coefficient corresponds to the area of absorbance that is most 
intense. The pyrogallol and catechol-based ligands used in this project possess 
extinction coefficients in the region of 10 000 mol d dm3 cm* 
Purity and stability of solid substrate. 
The adsorption isotherm results show no detectable or experimentally valid variation 
in binding strengths. To ensure this is inherent to the ligands, the purity of the 
substrate has to be confirmed. The existence of an impurity already bound to the 
surface could hinder the binding of the test ligands or could confirm the analysis of 
residual ligand concentration if it absorbs in the region of the UV/vis spectrum 
59 
used to monitor ligand concentration. The absorbance spectra of the solvent system 
in contact with ATFI in the absence of added ligand was monitored. The results are 
discussed in §4.5.1. 
5) Solvent effects. 
The absorption spectrum of a pure substance in each of a series of different solvents 
will often cause not only differences in the location of the absorption band, but also 
in its intensity. Thus, the characteristic value for the extinction coefficient only holds 
for that particular solvent; actually, it commonly varies by as much as ± 5-10% from 
one solvent to another. 
The physical solvent effects depend mainly on three influences: the nature of 
the solvent, the nature of the solute and the type of absorption band involved. All the 
isotherms conducted in this project were carried out in the same solvent system of 
methanol/water, to avoid such complications. 
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2.4 Strength of Binding of Other Gallic Acid Derivatives 
The initial objective outlined by Alcan was to identify novel ligands to bind strongly 
to ATH. The determined adsorption isotherms (2.3) indicate the gallate esters (2.1-
2.X) meet this criterion extremely well. There is a need to incorporate other 
functionalities in the pendant group of the ligand system to enhance compatability 
with different types of polymer systems which are of interest to Alcan. 
2.4.1 Synthesis of Other Gallic Acid Derivatives 
2.4.1.1 Amides of Gallic Acid 
Table 2.5 	Gallamide derivatives prepared for this project. 
LIGAND R GROUP STRUCTURE 
n-Hexyl gallamide, (2.Xl) n-C6H13 
NHR 
n-Octyl gallamide, (2.XIl) n-C8H 1 7 
n-Octadecyi gallamide, (2.XI II) n-C 1 8H37 
HO 	 OH 
OH 
The replacement of the ester group with an amide unit could allow for some ligand-
ligand secondary bonding which in turn could possibly influence binding strengths to 
ATH. The preparation of such amides was undertaken using the three step sequence 
shown in Figure 2.17. This method was devised because direct amidation of gallic 
acid was found to be unsuccessful. The mercaptothiazo lone 52 intermediate proved 
very effective in these preparations because it contains a good leaving group, can be 















Figure 2.17 	Synthetic scheme for amides of gallic acid, 2.XI, 2.XII and 2.XIII. 
2.4.1.2 Other derivatives of gallic acid which contain pendant amides 
Gallic acid has been reported  53  to yield carbamoylmethyl-3,4,5-trihydroxybenzoate, 
(2.XIV) which has a pendant amide group, on reaction with chioroacetamide and a 
one molar equivalent of sodium hydroxide (Figure 2.18). The reaction was 
attempted and proceeded as expected. 
C2I-LCINO 	NaOH 
refkjx 3h. N2 
0 
0 	O 
HO 	 OH 
OH 
Figure 2.18 	Preparation of carbamoylmethyl-3,4, 5-tn hydroxybenzoate, 2.XIV. 
reffi 
This ligand might exhibit greater interfacial stability than its gallate ester 
counterparts, by virtue of the potentially enhanced hydrogen bonding network 
provided by the amide functionality. Examination of its crystal structure allows this 
to be investigated. It has a layered structure. Within one unit cell of the crystal 
structure, there are three independent molecules, A (magenta), B (blue) and C (green) 
overlaid in Figure 2.19. Since molecule B is 
the most planar with respect to the amide 
group, this was used as a reference while the 
other 2 molecules are overlaid. Molecules B 
and C both have two intramolecular hydrogen 
bonds involving their phenolic groups, see 
Figure 2.20, whereas A only possesses one 
due to the different orientation of the proton 
on N 1. Molecules B and C are very similar in 
terms of torsion angles around the 05—C8 
and C8—C9 bonds with C7-05--C8—C9 
and 05--C&—C9—NI exhibiting torsion 
angles of 178.8° and 171.5' and –3.2 and 16.0° 
respectively. Thus they are both relatively 
planar. However, A exhibits torsion angles 
about these bonds of 60.8° and -157.2°. These 
mean that, the intramolecular hydrogen bonding between the amine hydrogen and 
ether oxygen, 05 of the ester group found in molecules B and C, which favours a 
planar arrangement of the pendant group, is absent in molecule A. This deviation 
from planarity in A allows for interlayer hydrogen bonding consolidating the overall 
structure. The twisted amide fragment of molecule A, is responsible for the 
interlayer secondary bonding crosslinking layers of the type shown in Figure 2.20. 
In Figure 2.20, a C molecule is shown hydrogen bonding to six other 
surrounding molecules by an array of bifurcating amide donors, hydroxyl donors and 
hydroxyl acceptors and trifurcating amide-keto acceptors. Hydration complements 
this scheme yielding a close packed arrangement. 
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Figure 2.20 	Arbitrary fragment of the crystal structure of carbamoylmethyl-3,4,5- 
trihydroxybenzoate, 2.XIV. 
All three C—O bond lengths on the pyrogallol headgroup are around 1.36A and both 
O .0 distances within this unit measure approximately 2.70A. Angles in this region 
are based around 1170  (see Table 2.6). 
Table 2.6 	Selected derived parameters from the crystal structure of carbamoylmethyl- 
3,4 ,5-tnhyd roxybenzoate. 
Parameter Length 	Parameter 	Angle 	Parameter 	Torsion 
C2-03 1.383(2) 03-C2-C3 116.3(2) C6-C1-C2-03 -179.63(17) 
C3-02 1.356(2) C2-C3-02 123.6(2) C6-05-C4-01 -179.16(17) 
C4-01 1.377(2) C4-C3-02 117.5(2) C1-C2-C3-02 176.56(18) 
02-03 2.766(2) 01-C4-C3 117.1(2) C5-C4-C3-02 -178.04(18) 
01-02 2.649(2) 04-C7-C6-05 0.53(0.31) 
64 





Crystal system, Space group 
a/A, b/A, c/A 
uJ° 13/°, 	/O 
Volume, U/A3 
Crystal description, Size/mm 
2JA, T/K 
No. of reflections for cell, 0-range!° 
D,/Mg m 3 , 1i/mm 1 , F(000) 
Scan type, 0-range!° for data collection 
Absorption correction, Tmax, Tmin 
Solution method, Program 
Refinement type, 
Total & Independent reflections, R 0 
Used & Obs. [F0 > 4cy (F0 )] reflections 
Restraints, Parameters, Extinct. coeff 
Goodness of fit 
conventional R, weighted R, 
Largest residuals/e A 3 ; 	Max. AIo 
W 1 (where P = 1/3[max. (F02 , 0) + 2 F0 
C6H3(OH)3 CO2 (CH 2)5 CH3 
C9 1-1 9 67N0633.1/3H20 
233.18, 6 
triclinic, P-i 
8.266(5), 8.515(4), 20.614(7), 
87.08(3), 85.56(3), 78.32(3) 
141 7.2(12) 
colourless block, 0.62 x 0.28 x 0.24 
1.54178, 220.0(2) 
54, 20-22 
1.639, 1.234, 728 
co-U, 5.31 to 69.94 
p-scans, 0.982, 0.463 
direct, SHELXS-97 
full-matrix-least-squares on F2 
8416, 4993, 0.0202 
4993, 4186 
0, 559, 0.0023(4) 
1.031 
0.0434, 0.1230, 
0.301, -0.268; 	0.001 
c2(F0) + (0.0845P) 2 + 0.2378P 
The potential for ligand-ligand hydrogen bonding offered by this ligand 
(2.XJV), and by 2.XVI (see Table 2.8) has the implication that stronger binding to 
the ATH surface could be achieved via the formation of more stable surface 
complexes. Researchers 38 have used adsorption isotherms to unveil the strengths of 
binding of a variety of carboxylic acids derivatives on to iron(111) oxide. The 
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presence of a 4-keto function in the caboxylic acid ligand was shown to enhance the 
binding affinity for the iron oxide surface due to the presence of additional ligand-
ligand hydrogen bonding. Significantly more stable surface complexes were formed. 
Table 2.8 	Summary of functionalities incorporated into original candidate ligand. 
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Polyethylene oxide 2.XVII 
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2.4.1.3 Derivatives of gallic acid which contain pendant vinyl group 
The majority of methods 54,55  in the literature for the synthesis of compounds similar 
to 2-vinyloxyethyl-3,4,5-trihydroxybenzoate, 2.XV all involve the use of mercury 
based substances. One such reaction 56 is that of divinylmercury with organic acids to 
form the corresponding vinyl ester and metallic mercury. The undesirability of 
reactions involving the production of mercury meant alternative options were sought. 
The first procedure adopted for the synthesis of the vinyl-containing derivative, 
2.XV, was carried out following a well recognised method in the field of peptide 
chemistry, using dicyclohexylcarbodiimide (DCC) as the coupling agent with 4-
dimethylaminopyridine (DMAP) as a catalyst (Figure 2.21). After repeated attempts, 
only a small amount of product could be obtained under these conditions, possibly 
due to the low solubility of gallic acid under these reaction conditions. 





Figure 2.21 	Synthetic scheme for 2-vinyloxyethyl-3,4,5-trihydroxybenzoate, 2.XV, 
using the DCC method. 
The alternative approach involved a very similar procedure to that used for the 
gallate esters outlined in Figure 2.5. Ethylene glycol vinyl ether was reacted in a 1:1 
ratio with gallic acid in the presence of p-toluenesulfonic acid. This was quite a 
vigorous reaction and case had to be taken not to add the ether directly to gallic acid. 
Colour changes in the reaction mixture were observed early on, but disappointingly 
the end product turned out to be a dark red, tar-like material. Characterisation results 
looked promising therefore further efforts were put into purifying the product. 
Eventually, a pink solid was obtained from a solution of the product in acetonitrile. 
2.4.1.4 Derivative qf gal/ic acid which contains additional amine groups 
A variety of methods exist in the literature for the syntheses of catechol derivatives 
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Figure 2.22 	Attempted synthesis of 3,4-dihydroxybenzylamine. 
Catecholamine analogues have been studied as potential anti-tumour agents but 
the method adopted for their synthesis in the study 57 involved reacting an appropriate 
benzamide with sodium borohydride in dry dioxane with the work up proving to be 
fairly lengthy and complicated. Other workers have used potentially explosive 
cuprous cyanide 8 in the synthesis of trimethoxybenzylamine. 
The first method attempted, in this work, was aimed at the preparation of 3,4,5-
trihydroxybenzylamine (see Figure 2.22), using a modified version of the synthesis 
of 3,4-dihydroxybenzylamine 59 which involves first producing a phthalimide 
derivative. Removal of the phthalimide was attempted by dissolving the product in 2 
molar methanolic hydrazine according to literature methods. 59 '60 After many 
unsuccessful attempts at this procedure, the synthesis was abandoned and an 
alternative source of -NH 2 terminated pyrogallol derivatives was sought. The 
preparation of 3.4,5-trihydroxybenzoylhydrazide (2.XVI) was undertaken. This 
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+ H2O 
Figure 2.23 	Preparation of 3,4, 5-tn hydroxybenzoyl hydrazide, 2.XVI. 
2.4.1.5 Derivatives of gallic acid which contain pendant polyethylene glycol groups 
To obtain the polyethylene oxide derivative, 2.XVII, the direct esterification method 
as described in §2.3.1 was used. 2-(Methoxyethoxy)-ethanol was allowed to reflux 
with gallic acid in xylene and in the presence of p-toluenesulfonic acid as shown in 
Figure 2.24. 
OH 
Toluene / pTSA 
CH30(CH2)20(CH 2 )20H 
Reflux 24h 
HO 	 OH 
OH 
Figure 2.24 	Preparation of 3-propoxyethyl-3,4, 5-trihydroxybenzoate, 2.XVII. 
2.4.2 Initial Isotherm Results of Gallic Acid Derivatives 
The ligands described above all contain the pyrogallol headgroup but they have 
various functionalities incorporated into the pendant arm. 
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Isotherm results are provided for the three pyrogallol derivatives, 2.XI1I, 
2.XIV, 2.XV, in Figure 2.25. Problems were initially encountered with the vinyl 
derivative, 2.XV, which has a very low solubility in methanol/water. The amine 
derivative, 2.XVI, proved to be completely insoluble in methanol/water and therefore 
its isotherm could not be determined. The isotherm for the polyethylene oxide 
derivative, 2.XVH, was also not obtained since the synthesis of this material 
repeatedly resulted in a thick toffee like substance which was too impure to use for 
isotherm studies. 
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Figure 2.25 	Adsorption isotherms for octadecyl gallamide (2.Xlll), caroamcyhl uthyI 
3. 4,5-tcihydroxybenzoate 	(2 .XIV) 	and 	2-vinyloxyethyl-3,4 5- 
trihydroxybenzoate (2.XV) on to ATH. 
Figure 2.25 confirms the strong binding that each of the pyrogallol derivatives 
possess. All three also appear to exhibit similar surface coverage. Again, the form 
of the isotherms is most consistent with an H-type isotherm (2.2) and it is 
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questionable whether data from curve fitting for Langmuir isotherms allow valid 
comparisons of binding constants and surface coverages. Never the less, their data 
are included in Table 2.9 for completeness. 
Table 2.9 	Evaluation results of adsorption isotherms using ORIGIN software and 
Langmuir model 
Ligand Maximum number. Equilibrium Required 
adsorption sites, a constant, K surface area 
i'molg 1 IA  
Octadecyl gallamide 13x10 5 3.6x105 90 
3,4,5- 1.4x10 5 3.7x104 84 
tn hydroxybenzoyl 
glycol amide 




2.5 Polymer Dispersion Studies 
The octyl ester and the vinyl gallic acid derivatives (2.V1, 2.XV) were evaluated in 
dispersion tests of the types of interest to Alcan. Clearly, an important feature of the 
candidate ligands is the nature of the pendant group and how this affects the 
interaction with the polymer system. Alcan's interests' lie with a range of polymer 
systems. One such system is polyvinyls, 62 so vinyl functionality ideally has to be 
involved in the target ligand. More specifically, ethylene vinyl acetate (EVA) 6 ' is 
the polymer used by Alcan in the manufacture of electrical cables, causing the amide 
functionality to become particularly attractive. Finally, the gallate esters can be 
incorporated into polyethylene 64,65  and polypropylene systems. Refer to Figure 1.1 
for an illustration of how the ligand tail group can interact with a polymer system. 
The isotherm results show that all of the pyrogallol derivatives bind strongly to 
the ATH surface. The effects the tail groups have on the end filled product were also 
assessed initially via adsorption isotherms in §2.3.2 and §2.4.2. A description of the 
preparation of the new ligands and an assessment of their capabilities as surface 
ligands is presented in §2.4. 
2.5.1 Preparation for Industrial Tests 
The first ligand chosen as the candidate alternative coating was the vinyl pyrogallol 
derivative, 2-vinyloxyethyl-3 ,4,5-trihydroxybenzoate (2.XV). According to the 
adsorption isotherm results for this ligand, (refer to Figure 2.25) to attain monolayer 
coverage of the ATH surface, approximately 1.4 x 10-5  moles of ligand is needed per 
1 g of ATH. 
A known amount of ligand was dissolved in a methanol/water solvent system, 
and a large amount of ATH was slowly stirred into the solution. Since large amounts 
of dry powder were being added to a relatively smaller amount of solution, a very 
thick slurry was produced. Due to the lack of proper industrial-scale equipment, 
each 1.5 kg batch had to be divided into smaller more manageable batches to make 
stirring of the thick slurry possible. The mixture was stirred for two hours to ensure 
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even coating of the ATH surface. The next step proved highly troublesome, again 
due to the inadequate equipment: to separate from excess solvent, the coated ATH 
was transferred into centrifuge bottles and centrifuged for approximately one hour. It 
proved difficult to remove the coated ATH material from the narrow-necked 
centrifuge bottles. Once removed, the thick white sludge was dried in an oven for 
an extended period of time to leave clumps of white solid. The final stage in this 
procedure proved to be extremely time consuming since 1.5 kg of the coated ATE-I 
product had to be manually seived through a 75 .irn mesh to produce a fine white 
powder with even particle size distribution of 0-75 tm. 
This procedure was repeated for octyl gallate (2.VI) treatment of ATH, to 
allow further tests to be carried out and thus an investigation into performance results 
of ligands possessing different functional ities. Finally, ATH (in the absence of any 
coating ligand) was put through the same process to provide a control for 
experimental comparison. 
The new coatings had to be compared with Alcan's standard organosilane 
coating (SF7ES3A). The tests performed evaluated the new ligands' effectiveness in 
an electrical cable sheathing formulation 66  utilising the polymer. EVA in Levapren 
400. The cable sheathing formulation based on Levapren 400 is given in Table 2.9. 
Table 2.9 	Formulation for polymer processing in Banbury mixer 
Ingredients Loading / parts per 
hundred (phr) 
Levapren 400 (40%EVA) 100.0 
ATH 150.0 
Zinc Stearate (lubricant) tO 
Rhenogram P50 (anti-hydrolysis aid) 3.0 
Wingstay 29 (antioxidant) 0.5 
Trial lylcyanurate (TAC)* 0.5 
Perkadox 14-40 (peroxide)* 6.0 
*perkadox is the main crosslinking agent. TAC is a co-agent that works with the peroxide. 
It's purpose is to provide the 'joint, where the crosslink forms, with more length, strength and 
flexibility. 
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2.5.2 Mixing and Compounding 
Mixing and compounding were undertaken at Alcan Chemicals' Chalfont Park 67 site 
over a period of 2 days. 
STEP 1: Banbury BR1600 Mixer. 
Internal mixers (Figure 2.26) of this type consist of two principal parts: 
• A feeding compartment fitted with a hopper system and a floating weight, 
known as a ram. The ingredients are fed into the mixer via the hopper system, 
and forced into the mixing chamber by the ram. 
• A mixing chamber containing two rotors which turn in opposing directions at a 
variety of speeds, thus the ingredients mix by the application of shear forces 
between the rotors. There is a hinged discharge door at the base of this chamber 
and the ram is pushed down to fully enclose the mixing chamber. 
A very important factor in obtaining good quality compound at an economically 
viable rate is the fill factor, or the proportion of the mixing chamber volume used for 
each batch. Too low a fill factor will result in poorly dispersed compound due to the 
insufficient shear development. On the other hand, too high a fill factor will again 
produce low quality compound since the chamber is likely to become choked. 
Consequently, an optimum fill factor had to be predetermined. It should be noted 
that the filler bulk density does not change the final batch fill factor, but it does 
determine the maximum amount that can be fed into the mixer at each stage; low 
bulk density fillers (fine powders) require more addition steps than high bulk density 
fillers. This means that it is usually necessary to add compound ingredients in stages 
during the mix cycle. Typically in the initial charge to the mixer, only 50% of the 
filler is added along with all of the polymer. When a given time or temperature is 
reached the remaining filler is added. The number of addition steps can be varied. 
The mixing procedure for the preparation of the pyrogallol based ligand coatings is 













Liquid injection ports 
Hydraulically operated 
drop door assembly 
Bed plate 
Figure 2.26 	Schematic diagram of a typical Banbury mixer. Courtesy of Farrel Ltd. 
Table 2.10 	Order of additions to Banbury mixer 
ADDITION INGREDIENTS 
1 Levapren + 50% coated ATH 
2 Everything else EXCEPT Perkadox 
3 Perkadox 
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Continuous mixers, such as single screw kneaders (Buss) or twin screw extruders can 
also be used for the mixing and compounding process. Both are suitable for halogen 
free flame retardant compounding. Twin contra-rotating screw extruders are in 
general less flexible and have a smaller operating envelope than kneading or internal 
mixers. Only the Banbury mixer was used at Alcan to mix the test ligand over the 
two day period. The following steps were carried out on site to prepare the ligand-
coated polymer for performance tests. 
STEP 2: Two-Roll Mill and Steam Generator 
Following the mixing process, compounding ensued in preparation of a more 
manageable material. The solid collected from the Banbury mixer is in thick clumps 
of dough like material. This was fed or calendered 68 through heated rollers (60°C) to 
produce an evenly distributed flat sheet of material. 
STEP 3: Compression Moulding Press 
Alcan's performance tests require plaques of varying thicknesses. These were 
produced by compressing the compounded test material between two platens 
preheated to 170°C. Pressure was applied via a motor pump, controlled by an 
operating lever. This closes the platens together until the pressure gauge indicates 
the maximum pressure of 20 tons (on 4.5" ram). During moulding, some materials 
can trap air producing air bubbles in the final product. This can be eliminated by 
'bumping'- applying pressure then releasing it alternately two or three times. At the 
end of the moulding/curing time period of 45mins, with the mould still under 
pressure, a cooling period was initiated. After which time, the pressure was released 
and the platens were opened to leave a plaque of the desired thickness and 
dimensions. 
2.5.3 Alcan Test Results 
It has been stated previously that Alcan's objective is to attain high levels of flame 
retardancy in the final product by the addition of coated Superfine ATH. In 
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Chapter 1 it was indicated that the use of ATH as a flame retardant filler requires the 
incorporation of large quantities of the filler into the polymer. Such an intimately 
mixed polymer/ATH composite obviously alters the physical properties of the end 
product, thus there is a need to balance the flame retardancy with other compound 
performance requirements of the compounded and moulded polymers. 
A Zwick Universal Testing Machine (UTM) is an apparatus capable of 
measuring around six different tests. This equipment is used at Alcan Chemicals 
Ltd. to carry out the following performance tests. 
2.5.3.1 Tensile strength 
This is defined as the maximum load that a material can support without fracture 
when being stretched, divided by the original cross sectional area of the material. 
The dimensions of tensile strength are force per unit area. 
The tensile strength test was conducted on 2mm plaques cut into large 
dumbbells, depicted in Figure 2.27(a), as specified in British Standard (BS) 6469. 
(a) 	L 175cm  
10cm 
Figure 2.27 	Plaque shapes for (a) tensile strength- the dumbbell and 
(b) angle tear strength tests. 
Each strip was placed vertically between clamps 25mm apart on the Zwick Universal 
Testing Machine 69  (UTM) interfaced to a PC. The crosshead of the instrument was 
then activated in the tension mode to load the strip at a rate of 500 mm min - '. Force 
was applied and the point at which the dumbbell broke was recorded. Testing was 
carried out at room temperature. The results were analysed statistically from the 
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load/elongation curves (shown in Figures 2.28 and 2.29 respectively for SF7E) to 
provide tensile strength and elongation at break. 
Figure 2.28 	Effect of ATH (SF7E) loading level on tensile strength. 
Figure 2.28 highlights the increase in tensile strength as the compound becomes 
more reinforced with SF7E, but at higher loadings the rate of increase diminishes. 
Figure 2.29 	Effect of ATH (SF7E) loading level on elongation. 
Figure 2.29 illustrates that as the ATH loading increases, the elongation of the 
material under a tensile strength decreases: a result of the compound changing from 
polymeric (lightly filled) to composite in character. 
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Results for existing surface treatments and the new candidate ligands ( 2.V1 
and 2.XV) are compared in Tables 2.11 -2.14. 
2.5.3.2 Angie tear strength 
The angle tear strength provides a measure of the resistance of a material to tear 
forces with its unit of measure being N mm', In electrical cable applications a high 
tear strength is needed to prevent failure of the sheathing material during installation 
in the presence of a surface defect, but in wiring applications a very high tear 
strength may cause difficulty in stripping the sheathing from the wire during 
installation. 
This test was also conducted on 2 mm plaques, but cut into shapes as illustrated 
in Figure 2.27(b). The same apparatus as used for tensile strengths was operated. 
This time, the strip was supported on two parallel cylindrical bars with the crosshead 
located centrally. It was activated in compression mode to provide data for the stress 
at break. Figure 2.30 represents the tear strength curve which reveals that as the 
ATH loading level increases the compound tear strength decreases. 
Figure 2.30 	Effect of ATH (SF7E) loading level on tear strength. 
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2.5.3.3 Water uptake test 
In this test, 2 mm plaques were immersed in a water bath filled with deionised water 
at a temperature of 70 °C in order to evaluate the water uptake over a period of 10 
days. The volume resistivity of the plaques was measured at the start of the 
experiment and again after 10 days of immersion in water. 
2.5.3.4 Volume resistivity lest 
if a material of thickness, T (cm) is placed between electrodes with known cross 
section area, A (cm) and the electrical resistance, R (f)) is measured, then its volume 
resistivity, Pv (Q cm) can be calculated according to Equation (2.9). 
In practice measurements were made using 15 cm  moulded plaques of 2 mm 
thickness. Electrodes attached to the plaque were connected via brass backing 
electrodes to a Supermegohm meter. This apparatus 70 applies a direct voltage to the 
test piece, measures the current and calculates the resistance. 
2.5.3.5 Limiting oxygen index 
This test has become widely used in the plastics and rubber industries, 7 ' because of 
its simplicity. The critical or limiting oxygen index (LOl) is the minimum 
percentage of oxygen in the atmosphere that sustains combustion. 
The test specimens were cut into strips of 3 mm thick, 10 mm wide and a 
minimum of 75 mm long according to BS 2782. Each strip was supported vertically 
in a transparent chimney made of heat resistant glass and a mixture of oxygen and 
nitrogen was allowed to flow. The apparatus is depicted in Figure 2.31. The upper 
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end of the strip was ignited by inserting a flame igniter into the chimney, and the 
subsequent burning behaviour of the sample was monitored. The minimum oxygen 
concentration required to maintain burning was acquired by testing a series of 
specimens in different oxygen concentrations and the LOl was calculated using the 
procedure outlined in Alcan internal publications. 72 
/ 	 Eractor hood to remove fumes or 
/ 	
soot expelled from chimney 
Insert for flame igniter 
Heavy duty pyrex chimney 
Thermocouple to measure 
chimney temperature 	 91—Test sample 
s measurement and control devices: to 
02 concentration 	__________________ establish [02] in gas mix in chimney and to 
display adjust gas mix. 
02 N, inlets and chimney temperature display ,  
Figure 2.31 	Schematic diagram of apparatus used for LOl measurements. 
Attention should be drawn to the fact that the LOT test uses an atmosphere at 
ambient temperature. At elevated temperatures, the amount of oxygen required to 
sustain combustion decreases making it essential to use compounds with a higher 
LOl for 'real' world conditions. However, the validity of this scale up is limited due 
to other important factors (cable construction, temperature) in larger scale tests. 
2.5.3.6 Melt viscosity profiles 
A Brabender Plastograph is an internal mixer used for polymer processing. its 
typical applications consist of measuring heat and shear stability and simply for 
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blending. It is most commonly used as a melt processor and therefore to prepare 
samples for melt viscosity profiling. 
The torque on the Brabender motor can be recorded continuously to provide a 
measure of the viscosity of the powder mix, whilst the temperature of the melt is 
measured by a fixed thermocouple and recorded at intervals. The end product 
discharged from the Brabender comes in the form of hard rock-like lumps. These 
can be finely ground in a coffee mill for use in the final step. 
The test procedure for the final stage in this process follows the American 
Society for Testing and Materials (ASTMD) 1238 regulations. Approximately 7g of 
milled material is loaded into the barrel of the melt flow apparatus (extrusion 
rheometer) which has been heated to a specific temperature. After allowing 
sufficient time for the temperature to reach equilibrium the molten material is 
extruded through a die by means of a steel ram. The timed extrudate is collected and 
weighed to yield the melt flow index in grams per 10 minutes. 
This procedure assesses the rate of extrusion of thermoplastics through an 
orifice at a prescribed temperature and load, thus offering a means of measuring the 
flow of a melted material. The resultant information can be used to differentiate 
grades of certain types of plastics or it can determine the extent of degradation of the 
plastic as a result of moulding. Degraded materials, due to their decreased molecular 
weight, usually flow more and could exhibit reduced physical properties. This test 
offers foresight to the likelihood of such physical defects occurring in the end 
product. 
2.5.3.7 Performance of 'new' ligands 
On completion of the mechanical testing procedures outlined above, a comparison of 
the new test ligands and existing ligands was examined. In all of the tests, the coated 
ATH samples perform better than uncoated ATH. 
The ligands' performances in the standard Alcan tests compared with the 
existing silane-coated ATH flame retardant compounds (SF7ES3A) and uncoated 
ATH (SF7E) are arranged in the following tables. 
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Table 2.11 	Results of tensile strength tests on uncoated ATH (SF7E) and ATH treated 
with Alcan's standard silane (SF7ES3A), octyl gallate (2.Vl) and 2-
vinyloxyethyl-3,4,5-tn hydroxybenzoate (2.XV). 
ATH FILLER SF7ES3A Octyl Vinyl SF7E 
Tensile strength / MPa 15.2 6.5 8.6 6.3 
Elongation at break I % 128.1 252.3 232.4 226.2 
EB standard deviation 10.5 	142.2 25.0 33.4 
The new octyl and vinyl coated ligands show the longest elongation, but low tensile 
strengths compared to the silane-coated sample. In fact, the results for the new 
samples are close to what was obtained for the uncoated material. This suggests that 
there was either inadequate coupling between the polymer and the filler or that the 
samples were not completely coated. However, the vinyl results are still 
encouraging. 
Table 2.12 	Angle tear strength tests on uncoated ATH (SF7E) and ATH treated with 
Alcan's standard silane (SF7ES3A), octyl gallate (2.V1) and 2-vinyloxyethyl-
3,4, 5-tnhydroxybenzoate (2.XV). 
ATH FILLER SF7ES3A Octyl Vinyl SHE 
Tear Strength I Nmm 1 18.6 18.2 19.7 17.2 
Standard deviation 0.8 0.4 0.8 0.5 
Again, the vinyl test results prove to be the most promising, offering even higher 
angle tear strengths than the currently used silane-coated material in electrical cables. 
The uncoated sample provides the poorest result confirming the need for a coated 
material. 
The data for the mass uptake shows the three coated samples to increase in 
mass over a ten day period in the water bath which is not a particularly good property 
for sheathing for electrical cables. The uncoated sample, however conveys a 
different pattern where after an initial increase in mass, a plateau is reached and then 
the mass steadily decreases. 
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Table 2.13 	Percentage water uptake results obtained for uncoated ATH (SF7E) and 
ATH treated with Alcan's standard silane (SF7ES3A), octyl gallate (2.VI) 
and 2-vi nyloxyethyl-3,4, 5-tnhydroxybenzoate (2.)(V). 
ATH FILLER SF7ES3A Octyl Vinyl SHE 
Initial mass / g 75.97 75.99 74.20 75.94 
DAY 2/% 1.28 1.28 1.96 3.71 
DAY 3 / % 1.63 1.66 1.96 3.71 
DAY 6 / % 2.41 2.59 2.94 3.51 
DAY 8 / % 2.74 3.07 3.43 3.20 
DAY 10/% 3.06 3.53 3.90 2.87 
Table 2.14 	Electrical Resistivity results for water uptake tests on uncoated ATH (SF7E) 
and ATH treated with Alcan's standard silane (SF7ES3A), octyl gallate (2.V1) 
and 2-vinyloxyethyl-3,4, 5-tnhydroxybenzoate (2.XV). 
ATH FILLER SF7ES3A Octyl Vinyl SF7E 
Initial thickness / 2.289 2.263 2.198 2.257 
mm 
Final thickness I 2.404 2.377 2.318 2.341 
mm 
Initial resistivity / 7.61x1 012 1.71 xl 013 1 .73x1 013 4.02x1012 
cm 
Final resistivity / 4.50x10 12 1.16x1 Oil 1.57x101° 3.66x108 
cm 
Although the octyl and vinyl coated samples have a higher initial resistivity, after 
water ageing, the silane coated material shows the least loss of resistance. This was 
expected, since the presence of silane type products is known to improve the wet 
electrical performance. The new ligands did not quite match the silane's 
performance, but they both exhibit an improvement over the uncoated material. 
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2.6 Conclusions 
The results presented in this chapter suggest that the I ,2,3-trihydroxybenzene ligand 
is an extremely good candidate headgroup in ligands for aluminium trihydroxide. 
All of the adsorption isotherms indicate, by their steep initial gradient, that the 
ligands derived from pyrogallol have a high affinity for the superfine grade of ATH 
supplied by Alcan. In addition, monolayer coverage appears to be achieved in all 
cases. 
Physical and chemical performance tests, as defined by Alcan, were conducted 
on three samples of ATH, two of which were precoated with test ligands. Although 
n-octyl gallate and 2-vinyloxyethyl-3,4,5-trihydroxybenzoate did not show dramatic 
improvements in tensile strength, angle tear, water uptake or LOI tests, compared to 
the performance of their organosilane counterparts, their performance was 
comparable. There was no instance where the performance of uncoated ATH was 
better than that of octyl gallate- or 2-vinyloxyethyl-3,4,5-trihydroxybenzoate-Coated 
ATH. 
Although the initial target of defining suitable novel ligands for ATH has been 
met, still no real understanding of their binding mode and reaction mechanism has 
been established. It was perceived that the synthesis and study of variations of the 
I ,2,3-trihydroxybenzene unit may shed some light on to this area. 
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2.7 Experimental Details 
2.7.1 General Experimental Details 
All chemicals used were reagent grade and used as supplied, except where otherwise 
stated. Proton nuclear magnetic resonance (NMR) spectra were recorded on a 
Bruker AC200 spectrometer at ambient temperature in various deuterated solvents. 
Fast atom bombardment (FAB) mass spectrometry was performed on a Kratos 
MSSOTC in thioglycerol matrices. Infrared spectra were collected on a Perkin-
Elmer instrument using KBr discs or nujol mulls. Elemental analyses were obtained 
with a Perkin-Elmer 2400 Cl-IN Elemental Analyser. Thin layer chromatography 
was carried out on Silica gel 60F 254 plates with visualisation by ultraviolet. Melting 
points were determined on a Gallenkamp melting point apparatus and are all 
uncorrected. 
2.7.2 Adsorption Isotherms: Calibration Measurements 
The starting point for each adsorption isotherm experiment was to carry out an 
investigation of the UV absorption characteristics of the ligand under study and 
define the wavelength(s) of maximum absorption, 2max. 
A stock solution of a known amount of ligand (m) in methanol:water (95:5) 
was prepared to a concentration of 1.2 x 104  M in a standard flask. From this stock, 
samples, ranging from 1.00 ml to 10.00 ml, were abstracted using a Rainin automatic 
pipette and diluted with the original solvent into 10 ml standard flasks. The 
absorption maximum of each sample was measured against the pure solvent by 
UV/vis spectroscopy. Finally, for the wavelength selected for analysis, the fitting 
function: y = ax + b and the software package, EXCEL 7.0 by Microsoft was used to 
plot absorbance versus initial ligand concentration and thus determine extinction 
coefficients. (AppendixA (1)) 
2.7.3 Adsorption Isotherm Technique: Isotherm Measurements 
A 6 x 104  M stock solution of the 'test' ligand in dilute methanol:water (95:5) was 
prepared. A series of solutions was prepared by removing known amounts (V add) of 
stock solution using a Rainin automatic pipette and making up to 10.00 ml with the 
original solvent (V 0 1). Known amounts of ATH (MATH) were placed into 16 ml 
polycarbonate centrifuge tubes. To each tube, was added 10.00 ml diluted stock 
solution and magnetic stirrer. Samples were left to stir in a waterbath at 25 °C for 2 h 
to allow equilibration to be reached. The tubes were centrifuged at 10 000 rpm for 
20 mins and the supernatant liquid filtered through pasteur pipettes fitted with 
microglass filter paper to ensure removal of ATH. The absorption of each solution 
was measured at an appropriate wavelength to determine residual ligand 
concentration. In some cases, it was necessary to carry out dilutions of the 
supernatant solution to ensure that an absorption of 1.0 was not exceeded. To obtain 
the isotherm, graphs of the amount adsorbed ligand versus residual ligand 
concentration were plotted using the software package, EXCEL 7.0 by Microsoft. 
(Data are summarised in Appendices A(2), A(3) and A(4)). 
2.7.4 Calculation of Isotherm Results for Spreadsheets 
The formulae used to construct the spreadsheets for the calibration and adsorption 
isotherm experiments (see Appendices A(2), A(3) and A(4)) are defined here, 
together with a summary of the abbreviations. All concentrations presented in the 
spreadsheets and Tables are in mol dm -' and all volumes are in dm', 
C,,, = initial ligand concentration in mol dm 3 , C 0 = concentration of stock solution, 
V,,dd = volume of stock solution added to ATH, and Vtotai = total volume. 
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Cres = residual ligand concentration (ligand in solution at equlibrium), 
A = absorbance, dii = dilution factor, and m,c = coefficients of fitting function y = 
mx + C. 
The Beer Lambert Law: 	 where A is the absorbance, a represents the 
extinction coefficient, c is the residual ligand concentration, I is the path length of 
unity and k denotes a constant close to zero, can be rearranged to provide the 
following expression for Cres. C = (A-k) I a. Applying the straight line fit, 
y = mx +c and plotting A vs Cr,,  will give a straight line of gradient, a and an 
intercept of k, i.e. through the origin. Thus the given expression for Crcs is achieved. 
Cads = concentration of ligand adsorbed from solution phase. 
nin i 	= 	Cmi x Voa 
n = initial number of moles of ligand, Cirn = initial ligand concentration, Vtotat = 
total volume. 
flres 	= 	Cres X Vtotai 
= number of moles of ligand in solution at equilibrium, residual ligand 
concentration, Vtotal = total volume 
pads 
flads 	 flfli - ares 	 OATH 	= 
MATH 
flads = number of moles of adsorbed ligand. nATH = the number of moles of adsorbed 
ligand per gram of ATH, MATH = mass of ATH in g. 
Additional Abbreviations 
V 0 = volume of stock solution 
V';OIV = volume of solvent added to achieve required dilution 
FW = formula weight of ligand 
Conc.= initial concentration 
Abs. = absorbance 
= wavelength at which experiment is conducted 
Fit 	= Statistical -Line st 
M 	= Statistical-Correlation provides extinction coeffiecient 
2.7.5 Preparation of Treated ATH for Alcan Tests 
A known amount of ligand was dissolved in 1.5 1 methanol:water (95:5). ATH 
(1.5 kg) was added slowly whilst stirring to produce a thick slurry. The mixture was 
stirred at RT for a further 2 h to ensure even coating of the ATH surface. To remove 
excess solvent, the coated ATH was transferred into 300 ml centrifuge bottles and 
centrifuged at 3000 rpm for 1.5 h. The thick white mixture was then dried in an oven 
at 70°C for 18 h. This produced thick clumps of white solid. To ensure even particle 
size, the product was sieved through a 75j.tm mesh, to yield a very fine white powder. 
2.7.6 Synthesis of Gallate Esters, C7H505R 
Direct Esteritication Method 
All of the gallate esters reported here were synthesised via the direct esterification. 
This involved refluxing gallic acid and the appropriate alcohol ix xylene, or a similar 
solvent, using p-toluenesulfonic acid as a catalyst. All esterifications were carried 
out using a Dean Stark trap to allow continuous removal of the water produced in the 
esterification and under an atmosphere of N 2 . 
n-Hexyl-3,4,5-trihydroxybenzoate, n-hexyl gallate, R = C6H 13 , 2.IV, was prepared 
following a combination 23,24  of literature methods. To a mixture of gallic acid (17 g, 
0.10 mol) and p-toluenesulphonic acid catalyst (ca. 1.3 g) in xylene (40 ml), hexyl 
alcohol (51.5 g, 0.50 mol) was added at room temperature. The resulting cream 
coloured suspension was stirred under reflux for 12 h to ensure complete dissolution 
of the gallic acid. The resulting red solution was diluted with an equal volume of 60-
80 petroleum ether and set aside at room temperature. Hexyl gallate separated and 
was collected by filtration and washed with petroleum ether. Repeated 
recrystallisation (4 times) from toluene gave a white powder. (12.4 g, 54%); m.p. 88-
89°C (lit., 90°C); Found: C, 56.21; 11,5.50%. C 13 H 1 805 requires: C, 56.60; H, 5.70%. 
61-I (CDCI3) 0.85 (t, 3H, CH 3 ), 1.46 (ni, 8H, CH 2-alkyl chain), 4.19 (t, 21-I, CH2-2), 
6.73 (hr s, 311, 011-3, 011-4, OH-5), 7.22 (s, 211, H-i, H-2); IR (KBr disc): 3447 hr 
vst, 2931 md, 1668 st, 1609 st, 1533 md, 1377 md, 1101 w cm. 
n-Butyl-3,4,5-trihydroxybenzoate, n-butyl gallate, R = C4H9, 2.11, was prepared 
on the same scale (0.10 molar) and following the same method, to give a white 
powder on recrystallisation from toluene. (11.5 g, 54%); m.p. 136°C (lit., 138 °C); 
Found: C, 57.36; H, 6.03%. C 11 H 1405 requires: C, 58.40; H, 6.24%. 611 
(CD3COCH3 ) 0.97 (t, 3H, CH3), 1.48 (m, 2H. CH2-0, 1.70 (m, 2H, CH2-2), 2.93 (br 
s, H20), 4.22 (t, 2H, CH-3), 8.30 (br s, 211, 011-3, 011-5), 8.12 (br s, 111, OH-4), 7.14 
(s, 2H, H-1,H-2); IR (KBr disc): 3499 hr vst, 3334 St. 2962 w, 1691 st, 1616 st, 1405 
md, 1377w, 1310st, 1034 stcm'. 
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n-Propyl-3,4,5-trihydroxybenzoate, n-propyl gallate, R = C3H7, 2.1, was prepared 
via the direct esterification described above, but on a 1.0 mmolar scale. An off-white 
powder was obtained as the product. (1.69 g, 80%); rn.p. 146-147°C; Found: C. 
56.21; H, 5,50%. C 1 0H 1205 requires: C, 56.60; H, 5.70%. 6H (CDCI3) 1.01 (t, 3H, 
CH3), 1.74 (rn, 2H, CH 2-0, 4.22 (t, 2H, CH 2-2), 5.59 (s, 2H, OH-3, OH-5), 5.72 (s, 
1H, OH-4), 7.29 (s, 2H, H- 1, H-2); IR(KBr disc): 3451 br st, 1690 st, 1598 md, 1399 
md, 1092 wk cm- . 
n-Pentyl-3,4,5-trihydroxybenzoate, n-pentyl gallate, R = C5H 1 1, 2.111, was 
synthesised in the same manner on a 0.10 molar scale, and recrystallised from 
toluene to give an off white powder. (12.4 g, 54%); m.p. 120 °C (lit., 127 0C); Found: 
C, 59.61; H, 6.80%. C 1 2H 1 605 requires: C, 59.99; H, 6.71%. 8H (CDC1 3) 0.89 (t, 3H, 
CU3), 1.40 (m, 2H, CH2-1), 1.73 (rn, 2H, Cl-1 2-2), 1.88 (m, 2H, CH2-3), 4.24 (t, 2H, 
CH2-4), 6.15 (s, 1H, OH-4), 6.45 (br s, 2H, OH-3, OH-5), 7.25 (s, 2H, H- 1, 1-1-2); JR 
(KBr disc): 3472 st, 3356 st, 2960 md, 1694 st, 1612 st, 1538 md, 1402 St. 1098 w 
cm' s . 
n-Heptyl-3,4,5-trihydroxybenzoate, n-heptyi gallate, R = C7H 15, 2.V, was 
prepared on a 0.01 molar scale according to the previously described methods 
23,24  to 
yield a white powder from recrystallisation from toluene. (4.37 g, 20%); m.p. 86-
87°C. (lit., 890C); Found: C, 61.25; I-I, 7.5 1%. C 141-12005 requires: C, 62.67; H, 7.51%. 
8H (CDC13) 0.86 (t. 3H, CH 3 ), 1.50 (m, 101-1, CH2-alkyl chain), 4.21 (t, 2H, CH2). 
7.23 (s, 2H. H-i, H-2); IR (KBr disc): 3577 md, 3332 br vst, 2932 md, 1684 md, 
1664st, 1555md, 1370w, 1108wcm". 
n-Octyl-3,4,5-trihydroxybenzoate, n-octyl gallate, R = C8 H 17, 2.VI, was available 
commercially, as an off white powder, from Acros. m.p. 100-102 °C (lit., 101 - 
104°C); Found: C, 63.65; H, 7.75%. C 141-1200 5 requires: C, 63.81; H, 7.85%. 6H 
(CDCI3) 0.84 (t, 3H, CH 3), 1.52 (m, IOH, CH2-alkyl chain), 4.22 (t, 2H, CU2), 7.25 
(s, 2H, H- 1, H-2), 8.01 (br s, 2H, OH-3, OH-4). 
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n-Decyi-3,4,5-trihydroxybenzoate, n-decyl gallate, R = C 10H2 1 , 2.VII, was 
produced again by the direct esterification method on a 0.01 molar scale. 
Recrystallisation from EtOAc yielded an off-white powder. (8.55 g, 29%); m.p. 232-
235°C; Found: C, 66.98; H, 8.56%. C 17H2605 requires: C, 67.96; H, 8.72%. 8H 
(DMSO) 0.84 (t, 3H, CH 3), 1.85 (in. 16H, CH 2-alkyl chain), 3.96 (t, 21-I, CH2-2), 
7.48 (d, 2H, H-I, 11-2), 9.21 (br s, 4H, 011-3, OH-4, OH-5). 
n-Tetradecyl-3,4,5-trihydroxybenzoate, n-tetradecyl gallate, R = C1 4H29 , 2.VI1I, 
was obtained by following the direct esterification method, on a 0.01 molar scale, as 
a pale pink powder after recrystallisation from EtOAc/hexane. (0.96 g. 26%); imp. 
98-99°C; Found: C, 67.69; H, 8.96%. C 21 H3405 requires: C, 68.80; H, 9.36%. 8H 
(DMSO) 0.84 (t, 311, CH 3), 1.40 (m, 24H, CH2-alkyl chain), 4.14 (t, 21-1, CH 2-2), 
6.92 (s, 2H, H- 1, 11-2), 9.18 (br s, 2H, OH-3, OH-5). 
n-llexadecyl-3,4,5-trihydroxybenzoate, n-hexadecyl gallate, R = C 1 6H33, 2.VX, 
was produced by the method outlined above and on a similar scale (0.01 molar). 
Recrystallisation from toluene/petroleum ether yielded a white powder. (1.35 g, 
34%); m.p. 92-94°C; Found: C, 70.08; H, 10.70%. C 23 1-13505 requires: C, 70.02; H, 
9.71%. oH (DMSO) 0.85 (t, 3H, CH3), 1.30 (m, 281-I, CH2-alkyl chain), 4.14 (t, 2H, 
CH2-2), 6.92 (s, 2H, 1-1-1, H-2), 8.32 (s, 111, 011-4). 
n-Octadecyl-3,4,5-trihydroxybenzoate, n-octadecyl gallate, R = C 1 8H37, 2.XI, 
was obtained following the same procedure as before, on a 0.01 molar scale. A 
white powder was obtained after recrystallisation from toluene. (20.4 g, 97%); m.p. 
99-100°C (lit., 103-104 °C); Found: C, 72.07; H, 11.39%. C 241-L 205 requires: C, 
71.09; H, 9.95%. OH (CDC1 3) 0.87 (t. 3H, CH3), 1.53 (m, 34H, CH 2-alkyl chain), 
4.25 (t. 21-I, CH2-2), 5.70 (br s, 2H, OH-3, OH-5), 7.26 (s, 2H, H-I, H-2); m/z 
(thioglycerol) 423 (M +1); JR (KBr disc): 3440 br st, 2917 st, 1685 md, 1624 md, 
1246md, 1026 w cm - 1 . 
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2.7.7 Synthesis of Amides of Gallic Acid, C 7H604NR 
N-n-Octadecyl-3,4,5-trihydroxybenzamide, n-octadecyl gallamide, R = C1817137, 
2.XIII. 3,4,5-Trimethoxybenzoic acid (16.2 g, 76.4 mmol), 2-mercaptothiazolone 
(9.1 g, 76.4 mmol) and DCC (16,32 g, 80 mmol) were combined in CHC13 (50 ml). 
DMAP (50 mg) was added as a catalyst and the mixture was stirred overnight at 
room temperature. The precipitate was collected then washed with a saturated 
solution of NaOH. The chloroform was removed under reduced pressure and the 
product recrystallised from CHC13fhexane to give the activated ester as a bright 
yellow solid. (19.08 g, 80%). Octadecylamine (6.6 g, 24.5 mmol) in CHC13 (50 in]) 
was added to a solution of the activated acid (7.0 g, 22.4 mmol) in CHCI3 (100 ml). 
The solution immediately began to decolourise and was stirred overnight and then 
washed first with a saturated solution of NaOH (3 x 100 ml) then with hydrochloric 
acid. The CHC13 was removed on a rotary evaporator to give a white precipitate 
which was recrystallised from ethanol/hexane. BBr3 (10 g, 40 mrnol) was added 
dropwise at room temperature to a solution of the N-n-octyl-3,4,5-
trimethoxybenzamide (4.0 g, 8.63 mmol) in CHC13 (70 ml) under a N2 atmosphere. 
The yellow solution was refluxed for 18 h, cooled to room temperature and methanol 
added (50 ml). The solvent was evaporated at 60°C to yield an oil which slowly 
crystallised to give an off-white solid. This was recrystallised from MeOl-I/EtOAc 
(3.78 g, 45%); m.p. 131-132°C; Found: C, 70.08; H, 10.59; N, 3.30%. C25H4304N 
requires: C,71.22; H, 10.28; N, 3.32%. 81-1 (DMSO) 0.84 (t, 311, CH3), 1.33 (m, 3411, 
CH2-alkyl chain), 3.18 (s, 2H, CH 2-1), 4.56 (br s, HOD), 6.79 (s, 211, H-2, H-3), 8.02 
(s, 111, NH); 8 13 C (CD3COCH3) 61.6 (CH 2-2), 108.4 (CH-5, CH-6), 119.3 (C-8), 
137.4 (C-4),144.3 (C-7, C-9), 164.3 (C-3), 168.4 (C-i); m!z (thioglycerol) 422 (M 
+1); 153 (C7H504 ); IR (KBr disc): 3307 br st, 2910 st, 1576 md, 1533 md, 1362 w 
cm 1 . 
N-n-Hexyl-3,4,5-trihydroxybenzamide, n-hexyl gallamide, R = C 6H13, 2.XIII, 
was prepared in a similar manner and on the same scale to that described above. 
Recrystallisation from EtOH yielded a pale yellow powder (2.03 g, 67%); m.p. 84°C; 
Found: C, 60.52; H, 7.16; N, 4.55%. C 13 H 19NO4 requires: C, 61.64; H, 7.56; N, 
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5.53%. 6H (DMSO) 0.86 (t, 3H, CH 3 ), 1.45 (m, 1OH, CH 2-alkyl chain), 6.75 (s, 1H, 
OH-4), 7.16 (s, 21-1, 011-3, OH-5), 8.42 (t, IH, NH); IR (KBr disc): 3302 st, 2929 st, 
1633 st, 1582 St. 1413 md, 1236 md, 1130 St cm'. 
N-n-Octyl-3,4,5-trihydroxybenzamide, n-octyl gallamide, R = C8H17 , 2.XLL, was 
prepared according to the previous method and on a similar scale to give an off white 
powder (2.62 g, 60%) on recrystallisation from EtOH/hexane; m.p. 75-78 °C; 61-1 
(CD3COCH3) 0.87 (t, 3H, CH3), 1.45 (m, 1411, CH 2-alkyl chain), 3.34 (t, 2H, CH 2), 
7.03 (s, 2H, H-2, H-3), 7.58 (s, IH, NH), 7.88 (s, 1H, 01-1-4), 8.22 (br s, 2H, OH-3, 
OH-5); m!z (thioglycerol) 282 (M +1); 153 (C 714504); IR (KBr disc): 3326 s, 2927 
s, 1626 s, 1575 m, 1533 rn, 1346 wcni 1 . 
2.7.8 Additional Amides 
Carbamoylmetbyl-3,4,5-trihydroxybenzoate, C 9H9N06, 2.XIV, was synthesised 
via the following method. Gallic acid (25 g, 0.15 mol) was dissolved in distilled 
water (150 ml). To this colourless solution, chloroacetamide (12.5 g, 0.13 mol) in 
NaOH (10.4M) was added turning the mixture deep red in colour. The resultant 
mixture was refluxed for 3 h under a N 2 atmosphere. 10% HCI (-.14 ml) was added 
and the reaction flask was set aside to cool to RT. After 18 h, a white solid was 
noticed in the bottom of the flask, which was filtered and recrystalised from H 20 
three times to yield an off white powder (1.82 g, 53%). X-ray quality crystals were 
obtained by liquid-liquid diffusion of ethanol into a diethyl ether solution of 2.XIV 
over a period of a few weeks.; m.p. 241°C (lit., 23 1°C); Found: C, 44.76; H, 4.75; N, 
5.40%. C9H9N06 requires: C, 47.58; H, 3.99; N, 6.17%. 6H (CD 3 COCH3) 3.02 (s, 
21-1, NH2), 4.68 (s, 2H, CH 2-1), 6.69 (s, 1H, OH-4), 7.18 (s, 2H, H-2, H-3), 8.32 (br s, 
2H, OH-3, OH-5); JR (KBr disc): 3443 br st, 3230 br st 1698 v st, 1527 md, 1466 
md, 1353st, 1209st, lO36md cm - '. 
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2.7.9 Vinyl Derivative of Gallic Acid 
2-Vinyloxyethy)-3,4,5-trihydroxybenzoate, C 1 1 H 1206, 2.XV, was prepared in a 
similar manner to the gallate esters. Gallic acid (17.0 g, 0.1 mol) was dissolved in 
xylene (100 ml) and p-toluenesulfonic acid (1.7 g) was added as a catalyst. A 
vigorous reaction was initiated on the addition of ethylene glycol vinyl ether (13.2 g, 
0.15 mol). The mixture was slowly brought to reflux under a N 2 atmosphere, using a 
Dean Stark trap for the continuous removal of water. The mixture turned very dark 
red in colour and some solid gathered at the bottom of the flask. The reaction was 
stopped after 8 h when a thick toffee-like substance collected in the flask. This was 
dissolved in hot acetonitrile and on cooling, a pink solid formed. After many 
recrystalisations from acetonitrile, the desired product was obtained in the form of a 
pale pink powder. (5.86 g, 10%); m.p. 264-266°C; Found: C, 55.92; H, 5.03%. 
C 11 H 1206 requires: C, 55.0; H. 5.04%. 6H (DMSO) 2.27 (s, 2H, C14 2-1), 5.46 (m, 
4H, CH2-2, CH2-3), 6.30 (d, 1H, H-3), 7.02 (rn, 2H, H-2, H-3), 9.21 (br s, 3H, OH-4, 
OH-S, OH-6); E' 3C (CD3COCH3) 19.5 (CH2-1), 66.7 (C-5), 74.8 (CH-2), 115.1 
(CH-6, CH-7), 139.1 (CH-8, CH-10), 169.8 (CH-9); (KBr disc): 2985 w, 1734 st, 
1630 md, 1520 md, 1457 md, 1313 br st, 1153 St cm'. 
2.7. 10 Attempted Preparation of Amine Derivative of Gallic Acid 
3,4,5-Trihydroxybenzylamine, C7H9NO3, was the first derivative of this type to 
have its synthesis attempted. The following method described here was abstracted 
from the literature. 57 A mixture of pyrogallol (1.26 g, 0.01 mol), 
hydroxymethylphthalimide (1.77 g, 0.01 mol) and concentrated hydrochloric acid in 
MeOH (30 ml) was stirred at RT for I h and then refiuxed for a further 2 h. The 
initial mixture was a cloudy yellow coloured suspension, which turned clear and 
colourless on heating. Excess MeOH was removed by distillation and the cream 
coloured powder was washed with H20 and recrystallised from EtOH to yield the 
protected product, 3,4,5-trihydroxymethylphthalimide, as an off-white crude product. 
Removal of the phthalimide protecting group was achieved by dissolving the product 
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in 2 M methanolic hydrazine and then slight warming to give a clear, yellow 
solution. Suddenly, a white, 'gungy' substance formed which took up all of the 
reaction flask making it difficult to stir. More solvent was added and the solution, 
still containing a small amount of white material was left to stir at room temperature 
overnight. A white, thick solid was the result. Any excess solvent was removed by 
rotary evaporation and the product was recrystallised from MeOH. A white 
crystalline material was collected from the filtrate. However, analysis showed this 
material to still contain phthalimide. Repeats of this procedure always resulted in the 
same product being obtained. The impurity of this product is reflected in its Cl-iN 
analysis; Found: C, 50.66; H, 5.37; N, 26.96%. C71-19NO3 requires: C, 54.18; H, 
5.85; N, 9.03%. H NMR results did not provide any evidence of the formation of 
3,4,5-trihydroxybenzylamine. After numerous unsuccessful attempts, this method 
was abandoned. 
2.7.11 Amine Derivative of Gallic Acid 
3,4,5-Tnhydroxybenzoylhydrazide, C 7H7N204, 2.XVI. 
Methyl-3,4,5-trihydroxybenzoate (3.0 g, 0.02 mol) was stirred in a two-necked RB 
flask. On addition of hydrazine monohydrate (9.7 ml, 0.2 mol), under a N2 
atmosphere, most of the benzoate dissolved. On refluxing for 4 h the pale yellow 
clear solution turned dark yellow. Most of the excess hydrazine monohydrate was 
distilled off at atmospheric pressure to leave a pale yellow residue. 10% HC1 (-40 
ml) was added to remove any residual hydrazine. After filtration the product was 
washed with a saturated solution of sodium bicarbonate to produce a cream coloured 
solid. (2.41 g, 66%): rn.p. 290°C; Found: C, 45.16; H, 6.39; N, 15.15 %. C 7H7N204 
requires: C, 45.91; H, 7.06; N, 15.30%. 8H (DMSO) 4.32 ( br s, IH, NH), 5.23 (br s, 
2H, NH2), 6.80 (s, 2H, H-I, H-2), 8.30 (s, 21-I, OH-3, OH-5), 8.84 (s, 1H, OH-4). 
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2.7.12 Attempted Preparation of Polyethylene Oxides 
2-Propoxyethyl-3,4,5-trihydroxybenzoate, C 1 2H1 606, 2.XVII. 
2-(2-Methoxyethoxy)-ethanol (30.1 ml, 0.25 mol) was added to gallic acid (8.5 g, 
0.05 mol) and p-toluenesulfonic acid (1.3 g) under an atmosphere of N 2. The 
mixture was refluxed in xylene (--50 ml) for 24 h using a Dean Stark trap for the 
continuous removal of water. This resulted in a clear brown solution. A vacuum 
distillation (1mm/Hg) was carried out to leave an almost black glass. An attempt at 
recrystallisation from EtOAc was carried out, but only a thick black oil was gained. 
SI-I (DMSO) 3.29 (s, 3H, CH3), 3.65 (m, 8H, CH 2-1, CH2-2, CFI2-3, CH2-4), 4.34 (t, 
211, H-i, H-2), 7.14 (s, 2H, OH-3, OH-4), 8.37 (br s, IH, OH-5); IR (KBr disc): 
3417 br st 2879 st, 1671 St, 1454md, 1246md, 1105 brstcm'. 
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CHAPTER 3 
Other Pyrogallols, Catechols and Related 
Systems 
3.1 Introduction 
Results from Chapter 2 indicate that simple I ,2,3-trihydroxybenzene derivatives bind 
strongly to aluminium(III) oxides and can be used to disperse ATH. It is important 
to assess how the 1 ,2,3-trihydroxy unit can coordinate to such aluminium oxides in 
order to predict whether simpler and less expensive compounds could function in a 
similar way, or to design head groups which may show even greater affinity for the 
surface. 
The importance of having three hydroxyl groups in the head group compared 
with two with respect to binding strengths on ATH surfaces is considered in this 









OH 	 OH 	 OH 
Figure 3.1 	Three hexyl esters of structurally related benzoic acids used in mode-of- 
action studies, hexyl gallate (2.IV), hexyl-34-dihydroxybenzoate (3.1) and 
hexyl-3-methyl-4, 5-di hydroxybenzoate (3.11). 
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3.2 Nature of the ATH Surface 
In many cases it has been shown 1,2,11,4,5,6  that the strength of adsorption of organic 
ligands onto a metal-oxide surface depends strongly on the pH of the solutions. This 
is no exception for ATH. At extreme pH values, changes are observed in the 
charging behaviour of surface groups. 
The charging behaviour of y-ATH, gibbsite, can be investigated via 
examination of its crystal structure. Information from electron micrographs of 
crystalline gibbsite6 revealed the presence of hexagonal crystals with diameters of Ca. 
0.5 tm, and two types of crystal faces were distinguished: the edge face and the 
planar face. The gibbsite crystal structure is composed of aluminium ions 
surrounded by six hydroxyls in a hexagonal close packed (hcp) arrangement. 
According to Pauling's' theory of electroneutrality, to neutralise the negative charge 
of an 0H ion, two A1 34 ions are needed resulting in all of the hydroxyls in the 
interior crystal structure being doubly coordinated (A1 20H). This is also the case for 
the {O 0 1} planar face. At the edge faces, the situation is different 6 since two types 
of surface hydroxyl groups exist, one is singly coordinated, OH(H), and the other is 
doubly coordinated. The proton adsorption reaction (see §3.2.3) for singly 
coordinated groups is shown in Equation (3.1). 
Equations (3.2) and (33) show the reactions for doubly coordinated groups at very 
high and at very low pH respectively. 
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It is important to note that the doubly coordinated groups at the edge face and at the 
planar face do not behave in the same way with regards to charge since the additional 
presence of singly coordinated groups at the edge face influence the charging 
behaviour of the doubly coordinated groups by increasing the A1 201-1 reactivity at 
low pH and suppressing its reactivity at high pH. Below pH 9, planar crystal faces 
do not develop surface charge since all the surface groups are inert (remain 
uncharged while singly coordinated groups exist as 1/2+ or 1/2-) in this pH range. It 
is only above pH 9 that any contribution from planar faces is observed. In summary, 
the overall charging behaviour of gibbsite 6 is dominated by Equation (3.2). 
3.2.1 Proton Affinity Constants 
A number of researchers have measured the proton affinity constants" 3,6,7,8  of 
solution complexes and of surface groups in attempts to determine binding 
characteristics and the charging behaviour of surface groups. Proton affinity 
constants are of particular interest in areas where acidity and basicity play an 
important role such as in catalysis. 
The calculation of the proton affinity of individual types of surface groups is 
based upon the Pauling bond valence principle', 6.7  where for neutralisation the charge 
is distributed over surrounding ligands and can be expressed per bond, otherwise 
referred to as the bond valence, v. (see also §3.3.1). 
The number of hydrogen bond donors and acceptors, which depend on the 
number of metal ions and the surface structure, also influences the proton affinity.' 
3.2.2 Density of Surface Sites on ATH: Results and Discussion 
Calculations have been carried out to determine the number of possible coordination 
sites that ATH can offer to the coordinating organic ligand. This was achieved by 
relating the number of binding sites to the maximum surface coverage. The 
experimental technique carried out by D. Nation 9 involved contacting ATH with acid 
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solution and monitoring its pH as a function of time. ICP-AES was used to 
determine the aluminium content at known pH's. Sample results and calculations are 
provided below. 
ATH (4 g) was contacted with HC1 (100 ml) and the pH was recorded at hourly 
intervals (see Table 3.1). After each pH determination, a 5m1 aliquot was taken from 
each sample and its Al content was analysed by ICP-AES (see Table 3.2). 





pH after 1 h pH after 2 h pH after 3 h pH after 4 h 
1 4.09 2.99 3.98 4.21 4.19 4.16 
2 3.94 2.99 3.83 4.16 4.16 4.16 
3 4.06 2.99 3.87 4.20 4.18 4.19 
Table 3.2 	Results of analysis of the aluminium content in an acidic solution in contact 
with ATH. 
Sample Al content after 
lh/ppm 
Al content after 
2h/ppm 
Al content after 
3h/ppm 
Al content after 
4h/ppm 
1 5.725 6.274 4.951 5.792 
2 5.685 7.351 0.0955 1.466 
3 8.114 0.0808 0.1469 8.397 
Only the samples highlighted in red were clear in appearance and therefore suitable 
to use in the density of site calculations. All other samples were extremely cloudy 
and had a much higher A1 34 content which probably meant they were contaminated 
with colloidal ATH or larger particles. The average of these three results is 
0.108 ppm. 
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Proton concentration on the ATH surface will be the difference between the 
concentration of protons in the HCl solution provided (calculated from the initial pH) 
and the concentration remaining in solution (calculated from the final pH). The 
amount equivalent to the displacement of A1 3 ' from the surface is calculated from 
Equation 3.4. 
As the concentration of A1 31  was found to be 0.108  ppm = 0.0108 mgIIOO ml 
= 4.003 x 	mmol/100 ml, this by Equation (3.4) requires consumption of 
3 x 4.003 x iO4 = 1.201 x 	mmol!100 ml of H+ . 
Final proton concentration, [1{ 1] r 
pHf = 4.18 = -logio [H]f 
[I-I]r= 6.61 x 10 mmolIIIOO ml 
Initial proton concentration, [fl1] 
pH1 = 2.99 = -loglO [H 1] 
[W] 1 = 1.201 x 10-1 mmol/100 ml 
Proton concentration on AT11 surface, II[ATHI 
[HAm] = ( 1,023 x 10') - (1.201 x 10) -(6.61 x 10) 
= 9.45 x 10 mm01/100 ml 
and therefore the number of H atoms transferred from the 100 ml of acid to 4.00 g 
of ATH surface, nH± is 
(9.47 x 10-5 ) x (6.023 x 1023) = 5.69 x 10 
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The surface area of ATH has been predetermined at Alcan by BET nitrogen 
adsorption isotherms, as 7.0 m2 gi  (7.0 x 1018 nM2 gi) and so the total area presented 
by 4.00 g of ATH = 2.80 x 10 19 nm2 . 
If the active sites are defmed as those protonatable then there are 5.70 x 1019  on a 
surface of 2.80 x 10 19 tim, i.e. there are: 2.06 surface active sites nm 2 
This compares with an estimate' 0 of an average surface density of 5 hydroxyls nm 2 
of an oxide mineral. 
3.2.3 Mode of Action of Catechols/Pyrogallols 
The suggested mechanism for the binding of organic ligands to ATH in this work 
(see § 1.2. 1) can be categorised as a ligand exchange process according to Stumm' ° . 
Here, the central surface ion acts as a Lewis acid and exchanges its structural surface 
hydroxyl (S-OH) for other ligands. This is only one of the four types of surface 
complex formation" (adsorption) reactions of: acid base equilibria, (see Equations 
(3.1), (3.2) and (3.3)) metal binding and ternary surface complex fbrmation.' 2 
Common characteristics of all of these is that sorption occurs at specific surface 
coordination sites and can be descibed by mass law equations. Also, all surface 
complex formation (sorption) reactions cause surface charge. Deprotonated surface 
groups behave as Lewis bases so competitive complex formation reactions occur. 
Ligand exchange is the main mechanism for ligand adsorption. It is a 
competitve reaction where 01-i and other ligands compete for the Lewis acid (central 
ion) and is strongly pH dependent. Low pH values tend to promote ligand adsorption 
since it is a reaction coupled with the release of OW ions. 
Schematic representations of surface reactions by considering the chemical 
reaction of a surface hydroxyl group (S-OH) is given below in Figure 3.2. 
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I 
H 	 .. 	I 
R—OH + 	0 - 	 0 	+ H20 
Figure 3.2 	Schematic representation for the adsorption of an organic ligand onto a 
metal(hydr)oxide via ligand exchange. 	The above assumes 
chemisorption as opposed to physisorption. 
This scheme is applicable at the pH of zero point charge, pH which infers surface 
charge neutrality. If the pH of the solution lies below this point, then the equilibrium 











Schematic representation of a ligand exchange equilibrium at low pH. 
3.3 Modelling Surface-Ligand Interactions 
When organic ligands bind to metal oxide surfaces the stable complexes which result 
at the interface have a wide variety of applications in areas such as adhesion 
promotion, ' 3 corrosion protection, 14  and lubrication." Surface spectroscopic 
techniques have been applied 16  to determine structural details of these interfaces, but 
have consistently failed due to low levels of resolution. As a consequence, we have 
considered the application of molecular modelling to define what structures can be 
formed at the interface and hence contribute towards the understanding of structural-
activity relationships. 
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3.3.1 Review of Approaches to Defining Surface-Ligand Interactions 
The MultiSlte Complexation (MUSIC) model developed by Hiemsta. Van Riemsdijk 
and Bolt7 can be used to calculate the proton affinity constants for protonation of 
many types of surface groups. The formal bond valence, v, defined by Pauling as 
v = z/CN (where z is the valence of the coordinating cation and CN is the 
coordination number) contributes significantly to the MUSIC model. Investigations  
of the types of surface groups that exist at the (hydr)oxide solid/solution interface 
have applied the MUSIC model to various (hydr)oxides (gihbsite, goethite, hematite, 
rutile and silica) to support the validity of predicted proton affinity constants. The 
model can also be used to attain Stern layer capacitance values, and to predict overall 
surface charge with respect to pH (o 0-pH curves). This refers to the permanent 
structural charge dependence on pH which can be achieved experimentally from 
surface protonation calculations as measured from alkalimetric and/or acidirnetric 
titrations. The various types of surface hydroxyls, 0(H) and OH(I-I), present at the 
solid/solution interface of metal hydroxides, differ in the number of coordinating 
metal ions and thus their affinity for the adsorption of protons. o o-pH curves were 
used  to describe the charging behaviour of the (hydr)oxides and then their findings 
were consolidated with results from the MUSIC model. In this instance the cr o-pH 
experimental data is complemented by theoretical modelling results. 
A modified version of this model' known as CD-MUSIC has also been used to 
distinguish between inner and outer sphere complexation of weak organic acids by 
goethite. 8 The modification of the model allows a charge distribution' of the organic 
molecule over the surface and the Stern layer which is vital in this work since the 
charges of the adsorbed molecules are distributed over several electrostatic planes 
(see Figure 3.4). 
Other models' 7" 8 have attempted to describe the adsorption of organic 
molecules onto mineral surfaces, but they fail to simultaneously describe formation 
reactions of surface species with surface charge characteristics. 
The CD-MUSIC model recognises that since most reacting species are 
charged, the interactions cannot be considered as isolated incidents, but should be 
treated in terms of mutual electrostatic effects such as electrical double layer effects. 
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a) 	 h) 
HH 
0 	1 0 	1 	2 
Figure 3.4 	Inner sphere and outer sphere complex formation as a result of the 
attachment of 0 2C-(CH 2)3-0O2 to an oxidised surface. The large white 
circles represent oxygen atoms, the large dark grey circles denote inner 
sphere coordinated oxygen atoms and the light grey large circles show 
surface oxygen atoms involved in hydrogen bonding. The smaller black 
circles represent carbon atoms and the smallest grey circles are 
hydrogen atoms. 0, 1 and 2 define the three electrostatic planes over 
which the charge of the organic ligand is divided. 
The model also makes use of surface structural information gained from IR 
spectroscopy. The adsorption characterisations of oxalate, malonate, phthalate and 
citrate have been determined experimentally with respect to concentration, pH and 
ionic strengths of complex formation. The CD-MUSIC model results show that the 
affinity of the organic acids for the surface is governed by electrostatic attraction and 
that the affinity constant for the exchange reactions of surface water groups and 
organic acids increases with increasing number of reactive groups (at a particular 
pH) on the organic ligand. Evidence of the structure of the surface species is 
inconclusive. This work is an example of experimental results being consolidated by 
theoretical molecular modelling results. 
Research conducted by Olivieri et aL 19 on the surface properties of mussel 
adhesive protein (MAP) has provided a plausible explanation for the bioadhesive 
properties of MAP. The protein is composed of 75-85 repeating decameric units. 
Molecular modelling techniques on the repeating decameric unit, integrated with 
experimental data has enabled the researchers to produce the first model of the 
conformation of the decameric unit at an interface. The experimental techniques 
used were IR spectroscopy, ellipsometry and contact angle analysis in the solid state 
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and circular dichroism (CD) spectroscopy in the solution state. The modelling was 
conducted using a commercially available package, SYBYL, to perform energy 
minimisation calculations and construct a surface for the docking of MAP. The CD 
data were consulted for the torsion angles to define spatial arrangements of the 
protein onto a surface. The energy-minimised model defines a mode of attachment 
of the decameric fragments based on the proposal that initial adsorption depends on 
the dehydration of a particular amino acid in the decamer. The remaining amino 
acids in the decamer are thought to be responsible for providing conformational 
rigidity which ensures the polar side chains of the protein make up the outermost 
region of the protein enabling interactions with various surfaces. 
Atomic absorption spectrometry and potentiometric techniques were used in an 
investigation 20  into an alumina/water system which are of ecological and industrial 
interest due to their presence in soils and their use as support materials in 
heterogeneous catalysts. A model has been proposed for the y-A1 203-water system 
which takes into account the dissolution of the oxide and the effects of carbon 
dioxide. Dissolution of oxides normally produces a mixture of species in solution. 
This model uses the SIMPLEX program 2 ' to calculate equilibria, from the masses of 
the mixed substances, in the alumina/water system. 
Molecular modelling has been used to rationalise the efficacy of attachment of 
various types of carboxylic acids onto an idealised iron(III) oxide surface. 12  The 
crystal structures of two polynuclear iron(III) complexes of a commercial corrosion 
inhibitor which is a 4-keto carboxylic acid were determined. These showed that the 
carboxylate can act as a dinucleating ligand defining apical sites on two octahedral, 
edge sharing ji-oxo- or x-hydroxo-bridged iron atoms (Figure 3.5). 
Figure 3.5 	Binding of ligand onto iron(III) oxide surface. 
111 
The Cerius2 23 molecular modelling package from MSI was used to carry out energy 
minimsation calculations in docking this fragment onto iron(III) oxide and 
oxyhydroxide surfaces. The presence of the 4-keto function in the carboxylate ligand 
was shown by adsorption isotherm determinations to enhance the strength of binding 
to high surface area goethite (a-FeO-(OH)). The molecular modelling suggests that 
this could arise from ligand to surface hydroxyl hydrogen bonding or 'multisite 
attachment' .22  In addition, a model based on the {O 2 l} face of y-FeOH shows close 
packing of the aromatic end groups of the commercial corrosion inhibitor, generating 
a hydrophobic layer. Since the application of these ligands is as corrosion inhibitors 
for iron surfaces, this is a valuable property for the ligand to possess. Adsorption 
isotherms were determined for a variety of keto carboxylic acids and related 
compounds and used in conjunction with the modelling work to assess and explain 
variations of the carboxylic acid derivatives' binding affinities for goethite surface. 
A similar molecular modelling strategy was used as a basis to create the models 
reported in §3.6. 
In summary, molecular modelling has been performed making use of relevant 
experimental data for specific systems. Together, theoretical and experimental 
results have been successful in defming more comprehensive accounts of a variety of 
systems. 
3.3.2 Starting Points for Molecular Modelling in this Project 
At the outset of the mode-of-action studies in this project, it was proposed to 
examine the plausibility of the three types of surface-pyrogallol interactions, two of 
which involve hydrogen bonding, and are shown in Figure 3.6. 
The existence of a stable interface between the ligand and substrate relies 
strongly on coordinate bonding. The following study can establish a means of 
assessing the types of bonding involved in the resultant stable complexes by 














Fig 36 	Three possible types of interactions between pyrogallol derivatives and 
aluminium(Ill) oxide surfaces which involves inner sphere complex 
formation and, in two cases, hydrogen bonding. Two, four and six Al--O 
bonds are formed respectively in (a), (b) and (c). 
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3.4 Synthesis and Characterisation of Phenol, Catechol and 
Other Related Ligands 
3.4.1 Synthesis of Relevant Polyphenol Derivatives in the Literature 
Chapter 2 (2.3.1 and §2.4.1) has already indicated that much research has been 
reported 24,21,21  on polyphenol derivatives due to their prevalence in nature. 
Consequently many synthetic schemes for these types of compounds have been 
documented (see §2.3.1, §2.4.1 and below). Phenolic esters, comprise the 
constituent of cigarette smoke condensate that has been shown to promote tumour 
activity. 27 Also, the protective effect of oxidation of fat by derivatives of tannin, 
such as aliphatic alcohol esters of gallic acid 28 has led to the syntheses of many such 
compounds. 
Beyer and Pear1 29 prepared and tested esters of 3,5-dihydroxybenzoic acid and 
4-hydroxy-3,5-dimethoxybenzoic acid, by esterification, in the presence of sulfuric 
acid, in order to assess their toxicity towards microorganisms and to establish their 
ultraviolet absorption properties. The compounds studied comprised alkyl, aryl, 
hydroxy, alkoxy, aryloxy and halogeno alkyl esters of 3,4-dihydroxybenzoic acid and 
3 -hydroxy-dimethoxybenzoic acid. 
Other workers in a similar field 30,31  have discovered the best reagent for the 
direct hydroxylation of aromatic systems to be one involving catecho1-Fe 3 -H202 . 
Several catechols were examined for their effect on the hydroxylation of benzene. 
An increase in efficiency of hydroxylation was achieved with the increased 
lipophilicity of catechol and again in the presence of both anionic and cationic 
surfactants. The catechols needed were synthesised by passing dry hydrogen 
chloride over a solution of catechol and the appropriate alcohol for thirty minutes. 
Sodium carbonate was used to remove any unreacted acid. After evaporation and 
ether extraction, a white powder was obtained which gave crystals on recrystalisation 
from water. 
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3.4.2 Attempted Synthesis of Alkyl-3,4-dihydroxybenzoates via Protection 
of the Phenolic Groups 
Examination of the literature shows there to be a large number of preparations of 
alkyl-3,4-dihydroxybenzoates where protection of the hydroxyl functions is achieved 
via a hemiacetal and acetal type 32,33,34  approach. This method appeared to be 
convenient and therefore was modified to attempt the synthesis of the desired 
















Figure 3.1 	Attempted synthesis of alkyl-3,4-dihydroxybenzoates via protection of the 
phenolic groups. 
Unfortunately, NMR and JR spectroscopy indicated that there had been no formation 
of the desired product. 
3.4.3 Synthesis of Hexyl-3,4-Dihydroxybenzoate via Direct Esterification 
As an alternative to the method described above, it was decided to try the 
esterification procedure adopted for the pyrogallol derivatives (2.3.1) which is 
outlined in Figure 3.8. Since catechol, like pyrogallol has a tendency to oxidise the 





R 	 0H 	 R 	 CH 
OH 	 OH 
Figure 3.8 	Preparation of hexyl-3,4-dihydroxybenzoate, R = H (3.1), and hexyl-3- 
methyl-4,5-di hydroxybenzoate, R = CH3 (3.11). 
3.4.4 X-Ray Crystal Structure of n-Hexyl-3,4-dihydroxy benzoate, 3.1. 
Single crystals were grown by diffusion 
from ethanol/diethyl ether. Figure 3.7 
shows a single molecule from the 
crystal structure. The data displayed in 
Table 3.1 indicate that all bond lengths 
and angles fall within the conventional 
range. The intramolecular O—H .0 
hydrogen bond (Figure 3.9) is standard 
for catechols given the rigidity inherent 
to this head group. Of greater interest 
is the intermolecular hydrogen bonding 
array, as shown in Figure 3.10. Each 
molecule participates in four hydrogen 
bonds with its two neighbours. Two of 
these are donated by and one is accepted by the hydroxy groups, while the other is 
accepted by the ether oxygen atom. The closest C-4-T . C contact in the aliphatic 
















Figure 3.9 	Single molecule of hexyl- 
3,4-dihydroxybenzoate with 
atom labelling scheme. 
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Table 3.3 	Bond length and bond angle measurements obtained from the crystal 
structure of hexyl-3,4-dihydroxybenzoate (3.1). 
Parameter Length I A Parameter Angle I ° 
C1-C2 1.377(2) C2-C1-C6 120.57(14) 
C1-C6 1.395(2) C1-C2-02 123.11(14) 
C2-02 1.3788(18) C1-C2-C3 119.92(14) 
C2-C3 1394(2) 02-C2-C3 116.97(13) 
C3-03 1.3667(18) 03-C3-C4 118.53(14) 
C3-C4 1.385(2) 03-C3-C2 121 .95(14) 
C4-05 1.384(2) C4-C3-C2 119.52(14) 
C5-C6 1.392(2) C5-C4-C3 120.87(15) 
C6-C7 1.479(2) C4-05-C6 119.60(16) 
C7-07 1.2136(18) C5-C6-C1 119.51(14) 
C7-08 1.3293(19) C5-C6-C7 122.54(14) 
08-C9 1.4536(17) C1-C6-C7 117.94(13) 
C9-C10 1.504(2) 07-C7-08 122.83(14) 
ClO-Cli 1.523(2) C7-C7-C6 124.28(14) 
C11-C12 1.518(2) 08-C7-C6 112.89(13) 
C12-C13 1.523(2) C7-08-C9 116.5(12) 
C13-C14 1.515(3) C8-C9-Cl 0 106.88(13) 
C9-C10-C11 112.05(14) 
C12-C1l-ClO 112.96(13) 
C1 1-C12-C13 113.83(14) 
C14-C13-C12 112.96(15) 
The packing arrangement of the molecules in the crystal structure is shown in Figure 
3.10. There is one independent molecule in the crystal structure located on sheets 
which are layered (the interface is made up of the OH functionalities) parallel to the 
{ 1 0 -31 plane. Each molecule is reasonably elongated forming a cylindrical shape. 
Close packing of these cylindrical objects in the unit cell occurs perpendicular to the 
(1 1 1 ) plane. The hexagonal close packed arrangement means that any one 
molecule is surrounded by another six molecules. 
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Figure 3.10 	Crystal structure of hexyl-3,4-dihydroxybenzoate, 3.1 with molecules 
viewed down their cylindrical axis. 
In order to examine the close packed arrangement of this ligand further, a 






(a po Ia r) 
Figure 3.11 	Spacefilling representation of nine molecules on the {1 0 -3} plane in the 
crystal structure of hexyl-3,4-dihydroxybenzoate (3.1). The yellow arrows 
from and to the donor atoms indicates hydrogen bond donor and 
acceptor respectively. 
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This model highlights particularly well the interactions between the molecules. Each 
molecule participates in two hydrogen bonds to two neighbouring molecules at the 
hydrophilic interface where only the hydroxyl and ester keto group are involved in 
the bonding. The ester ether group appears to play no part in this interaction. 





Crystal system, Space group 
a/A, b/A, c/A, 
(X/° , 	i/°, y/° 
Volume, u/A3 
Crystal description, Size/mm 
vA, T/K 
No. of reflections for cell, (-)-range/' 
D0/Mg m 3, 1.iimm 1 , F(000) 
Scan type, ()-range/' for data collection 
Absorption correction 
Solution method, Program 
Refinement type, Program 
Total & Independent reflections, R 0 
Used & Obs. [F0 > 4cr (F0 )] reflections 
Restraints, Parameters, Extinction coeff 
Goodness of fit 
conventional R, weighted R, 
Largest residuals/e A 3 ; 	Max. L'./cr 
1 (where P = 1/3[max. (F02 w 	 , 0) + 2 Fe])  
C6H3(OH)2 CO2 (CH2)5 CH3 
C13H 1 804 
238.27, 2 
triclinic, P-i 
5.5164(9), 10.371(3), 11.4029(19), 
93.316(14), 103.951 (11), 104.811(10) 
607.1(2) 
colourless block, 0.24 x 0.19 x 0.12 
0.71073, 220.0(2) 
40, 20to22 
1.303, 0.096, 256 
(o—(-), 1.86 to 25.68 
li-scans 
direct, SHELXS-97 
full-matrix least-squares on F 2, SHELXL-97 
2157, 2157, 0.0000 
2157, 1608 
0, 227, 0.037(6) 
1.045 
0.0397, 0.1088, 
0.187, -0.152; 	0.000 
cr2 (F02) + (0.0651 P)2 + 0.0000P 
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3.4.5 Synthesis of Hexyl-3- met hyl-4,5-di hydroxybenzoate, 3.11, via a 
Direct Esterification Approach 
The methyl substituted catechol (3.11), shown in Figure 3.8, was obtained following 
exactly the same procedure as that for 3.1. The preparation was a little more 
troublesome due to the reluctance of the starting material, 3-methyl-4,5-
dihydrozybenzoic acid, to dissolve in xylene. At the end of the refluxing period, the 
undissolved starting material, in the form of a cream crystalline powder was removed 
via hot filtration. 
3.4.6 Synthesis of Hexyl-4-hydroxybenzoate, 3.111, via a Direct 
Esterification Approach 
The preparation of hexyl-4-hydroxybenzoate (3.111) proved to be simple and very 
effective. The now usual method illustrated in Figure 3.12 of reacting the 
appropriate acid (4-hydroxybenzoic acid, in this case) with alcohol (hexyl alcohol) in 
the presence ofp-toluenesulfonic acid using xylene as solvent was followed. Single 
crystals were grown directly from the reaction mixture. 





OH 	 OH 
Figure 3.12 	Preparation of hexyl-4-hydroxybenzoate (3.111) 
3.4.7 X-Ray Crystal Structure of n-Hexyl-4-hydroxybenzoate, 3.111. 
All non-hydrogen bond lengths and bond angles given in Table 3.5 lie within 








Figure 3.13 	Single molecule of hexyl-4-hydroxybenzoate with atom labelling scheme 
Table 3.5 	Bond length and bond angle measurements obtained from the crystal 
structure of hexyl-4-hydroxybenzoate (3.111). 
Angle 	° Parameter Length I A Parameter 
C1-C2 1.519(3) C3-C2-C1 113.5(2) 
C2-C3 1.512(3) C2-C3-C4 112.7(2) 
C3-C4 1.519(3) C5-C4-C3 114.03(19) 
C4-05 1.517(3) C6-05-C4 113.69(19) 
C5-C6 1.502(3) 07-C6-.C5 106.69(18) 
C6-07 1.461(3) C8-07-C6 117.29(18) 
07-C8 1.330(3) 08-C8-07 121.9(2) 
C8-08 1.218(3) 08-C8-C9 125.6(2) 
C8-C9 1.479(3) 07-C8-C6 112.5(2) 
C9-C10 1.387(3) C10-C9-C14 118.8(2) 
C9-C14 1.394(3) Ci 0-C9-C8 120.0(2) 
Cl 0-Cl i 1.378(3) C14-C9-C8 121.1(2) 
C11-C12 1.376(3) C11-C10-C9 120.5(2) 
C12-015 1.359(3) C12-C11-C10 120.2(2) 
C12-C13 1.385(3) C15-C12-C11 122.9(2) 





The packing arrangement of the molecules in the crystal structure, shown in Figure 
3.14, is based on a chain of hydrogen bonding which involves the phenol group and 
the keto group of neighbouring molecules (0. •O bond distance of 2.72 A). This 
secondary bonding permeates throughout the whole structure. 
Figure 3.14 	Intermolecular hydrogen bonding between phenol groups and ester keto 
groups in the crystal structure of hexyl-4-tiydroxybenzoate (3.111). 
122 
Table 3.6 	Experimental data for the X-ray diffraction study of hexyl-4- 
hyd roxybenzoate. 
Molecular formula C6 1­1 3 (OH) CO 2 (CH2)5 CH3 
Empirical formula C 13 1-1 1803 
M, Z 222.27, 	4 
Crystal system, 	Space group monoclinic, 	P2 1 1c 
a/A, 	b/A, 	c/A, 8.0597(14), 	12.164(3), 	12.964(2), 
Volume, U/A 3 1245.3(4) 
Crystal description, 	Size/mm colourless plate, 	0.77 x 0.58 x 0.19 
2JA, 	TIK 0.71073, 	220.0(2) 
No. of reflections for cell, 	0-range/' 48, 	14 to 16 
Do/Mg m 3 , Wmm 1 , 	F(000) 1.186, 	0.083, 	480 
Scan type, 	0-ranger for data collection —0, 	2.58 to 24.98 
Absorption correction ky-scans 
Solution method, 	Program direct, 	SHELXS-97 
Refinement type, Program 	 full-matrix least-squares on F2 , SHELXL-97 
Total & Independent reflections, R 01 	2482, 2191, 0.1435 
Used & Obs. [F0 > 4c (F0 )] reflections 	2191, 1261 
Restraints, Parameters, Extinction coeff. 0, 147, 0.0091(19) 
Goodness of fit 	 0.995 
conventional R, weighted R, 	 0.0477, 0.1121, 
Largest residuals/e A 3 ; 	Max. ,Jc 	0-155, -0.141; 	0.000 
W 1 (where P = 1/3lmax. (F02 , 0) + 2 F0]) C,2  (F,,2) + (0.0464P) 2 + 0.0946P 
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3.5 Synthesis of 4-Keto Derivatives of Pyrogallol 
The influence on the binding mode of introducing an additional potential ligating 
function close to the three hydroxyl groups of pyrogallol can be investigated using 
the 4-keto derivatives shown in Table 3.7. 
All of the ligands examined up to this point have involved the pendant 
functional group being separated from the ligating headgroup. Here the introduction 
of the pendant group ortho to the headgroup is explored. 
Table 3.7 	Summary of the range of 4-keto derivatives of pyrogallol synthesised. 
Ligand R Structure 
2, 3,4-Tnhydroxyphenyl heptyl ketone (3.IV) C7 H 15 
0 
R 
2, 3,4-Tnhydroxyphenyl undecyl ketone (3.V) C11 H23 
HO 	 OH 
OH 
1 3,4- Trihydroxyphenyl heptadecyl ketone (3.Vl) C1 7H35 
Closely related catechol derivatives with lengthy unsaturated side chains 
occur 35  in natural lacquers of a wide variety of plants. It is this component that is 
responsible for many plants' skin irritant properties and poisonous activity. 2,3,4-
trihydroxyphenyipropylketone has been used to treat pathological conditions of the 
blood 16  preventing the need for dangerous surgery. This keto derivative of 
pyrogallol, along with pyrogallol itself is known to reduce oxygen consumption of 
tissues. Interestingly, in most of these cases, the degree of activity depends on the 
nature, number and location of substituents onto the common polyphenol 37 unit 
emphasising the need to explore variations on polyphenol compounds. 
As the 4-keto derivatives of pyrogallol, like other pyrogallols, have a great 
potential commercial interest (see §2.3.1) their syntheses are fairly well established 
and many variations exist (see below). 
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3.5.1 Attempted Synthesis of 2,3,4-Trihydroxyphenyiheptylketone via 
Friedel Crafts Acylation with No Catalyst 
A preliminary literature search offered a simple catalyst-free approach. However, 
the well documented 36,37  approach held hidden problems. The first method 
attempted for the preparation of 2,3,4-trihydroxyphenyiheptylketone (MV), shown 
in Figure 3.15, involves no solvent or catalyst and apparently, simply requires 




+ 	 C7H1, 	
Heat, 4h 	 C7H 1 5 
CI 
OH HO OH 
OH 	 OH 
Figure 3.15 	Attempted synthesis of 2, 3,4-trihydroxyphenyl heptyl ketone, 3.IV. 
In theory, the influence of heat and of the hydrogen chloride dissolved in the 
pyrogallol component should be enough to stimulate a Fries rearrangement. In our 
hands, this resulted in a gluey mixture. On addition of toluene, the mixture separated 
into layers with the bottom containing a very small quantity of the desired 4-keto 
pyrogallol. Reaction times and temperatures were varied in attempts to increase the 
original yield of less than 10%. No significant improvements could be achieved. 
3.5.2 Friedel Crafts Acylation with Equimolar Amount of 'Catalyst' 
The recommended protocol for the Friedel Crafts acylation 38 stipulates that 
equimolar amounts of anhydrous aluminium chloride and acyl halide are used. The 
method described above was repeated for the undecyl ketone derivative, 3.V, 
employing a zinc chloride catalyst. This scheme proved only slightly more 
successful. 
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3.5.3 Friedel Crafts Acylation with Little Catalyst 
An invaluable report presented by Pearson and Buehler 39  offers a comprehensive 
summary of variations in the Friedel Crafts acylation reaction. In brief, a suitable 
catalyst (frequently ferric chloride, iodine or zinc chloride) in equimolar amounts 
with respect to the acyl halide is necessary to permit condensation at lower 
temperatures. At sufficiently high temperatures, where hydrogen chloride evolution 
is fairly rapid only small amounts of catalyst are required. 
The method finally adopted to produce 2,3,4-trihydroxyphenyiheptyl ketone 
involved heating pyrogallol and zinc chloride in a 100:1 ratio with heptyl chloride at 








> 140°C, 4h 





Figure 3.16 	Synthesis of 2, 3,4-tn hydroxyphenyiheptyl ketone. 
3.5.4 Synthesis of 2,3,4-Trihydroxyphenylundecylketone via Friedel 
Crafts Acylation with Little Catalyst 
2,3,4-Trihydroxyphenylundecyl ketone (3.V) was prepared in the form of an orange 
powder in a similar manner by heating pyrogallol, lauroyl chloride and a catalytic 
amount of zinc chloride. The reaction proceeded without any complications. 
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3.5.5 Synthesis of 2,3,4-Trihydroxyphenyiheptadecylketone via 
Nencki Reaction 
The Nencki method reported in the literature 35,40  for similar compound syntheses was 
put into practice for the synthesis of 2,3,4-trihydroxyphenyiheptadecylketone (3.Vt). 
This method replaces the octadecanoyl chloride with the appropriate aliphatic acid 









Figure 3.17 	Synthesis of 2, 3,4-trihydroxyphenylheptadecyl ketone. 
3.5.6 Purification 
As with the esters, purification of all of the acyl derivatives (3.LV-3.VI) was initially 
troublesome. Many recrystalisations were needed to obtain a high level of purity. 
Purification by elution with an ethyl acetate:hexane (1:1) solvent system in a silica 
gel column proved to be an effective and convenient method for the keto derivatives. 
Subsequently this method was also adopted for the purification of the gallate esters. 
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Ij 
Figure 3.18 	1 H NMR spectra for characterisation and purity indicator for the 4-keto 
pyrogallol derivatives: heptyl, undecyl and heptadecyl, 3.IV, 3.V and 3.VI. 
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3.6 Uptake of the Phenol, Catechols and 4-Keto Pyrogallols 
by ATH. 
3.6.1 Isotherm Results for the Catechols, 3.1 and 3.11 
In the first instance it was proposed to examine the different modes of surface 
binding such as those shown in Figure 3.4 by comparing the uptake and binding 
strengths of the catechols, 3.1 and 3.11, and the phenol, 3.111, with the related hexyl 
gallate ester, 2.IV via their adsorption isotherms in Figure 3.19. 

























I 	• I 	• 	I 	 I 	• 	I 	• 
0.0 5.0x10 4 	1.0x10 3 	1.5x10 3 	2.0x10 3 	2.5x10 3 
Residual ligand concentration / mol dm 3 
Figure 3.19 Adsorption isotherms 	for 	hexyl 	gallate 	(2.IV), 	hexyl-3,4- 
dihydroxybenzoate (3.1) and hexyl-3-methyl-4,5-dihydroxybenzoate (3.11) 
onto ATH. 
Inspection of Figure 3.19, reveals a rather surprising result; all three compounds 
possess an extremely high affinity for the ATH surface which is reflected by their 
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similar almost vertical initial gradients. In fact, based on the steepness of the early 
parts of the isotherm, the binding strengths of these three structures is 
indistinguishable. However, this is only the first step in the elucidation of the 
binding mode and it is premature to draw any definitive conclusions at this stage. 
Each of the isotherms presented reach a plateau region at approximately 
1.1 x 10-1 g mof' succeeding their initial vertical increase and convey the standard 
form for the 'high affinity' (H2) classification. 
As before, the data point scatter after a residual concentration of 
1.0 x 1 mel dm-3 still occurs in the examples shown in Figure 3.19. If the data are 
only considered up to the accepted 'cut-off point of 1.0 x 10-3  mol dm 3, as in 
Chapter 2, then the isotherm conveys typical high affinity behaviour. 
3.6.1.1 Curve filting 
Attempts to curve fit the catechols isotherms were approached with caution because 
of the difficulties revealed when curve fitting the data for the gallate esters in 
§2.3.2.3. 
The isotherms and the mathematical models chosen to represent hexyl-3,4-
dihydroxybenzoate (3.1) and hexyl-3 -methyl-4,5-dihydoxybenzoate (3.11) are 
revealed in Figures 3.20 and 3.21. The chi 2 value has decreased in Figure 3.21 
indicating that a better fit is achieved using the multi Langmuir model rather than 
just the Langmuir model in Figure 3.20. The numerical data abstracted from the 









































Chi2 = 1.8586E-12 
P1 	000002 ±0.00034 
P2 	001066 ±025723 
P3 	9 64170-6 ±1 1709E-6 
P4 	404020-6 ±1.5612E-6 
P5 	0 	*0 

















Chi-2 = 1.20370-11 
a 	000001 	t2.0545E-6 
b 	194369.25503 *152498.28899 
S 
0.0 	2.0x10 4 	4.0x104 	6.Ox10 4 	8.0x104 	1.0x10 3 
Residual ligand concentration / mol dm  
Curve fit for hexyl-3,4-dihydroxybenzoate. The model used 
to fit the data is based on a rectangular hyperbola. Chi 2 
refers to the goodness of fit of the curve to the experimental 
data points. 'a and b' represent the number of available 
adsorption sites and the equilibrium constant respectively. 
See Table 33. 
0.0 	3.0x10' 6.0x10 	9.0004 1.2x10 3 1.500 - '1.8x10 3 
Residual ligand concentration / mol dm 3 
Figure 3.21 	Curve fit for hexyl-3-methyl-4,5-dihydroxybenzoate. The 
model used to fit this data is based on a dihyperbola. The 
number of maximum adsorption sites is calculated using P1 
and P3 while the equilibrium constant is determined from P2 
and P4. See Table 3.3. 
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Table 3.8 	Evaluation results of adsorption isotherms using ORIGIN software and 
Langmuir model 
Ligand Max. number of Equilibrium Required surface 
adsorption sites, constant, K area I A 
a / mci g 1 
Hexyi-3,4- 1.0x10 5 19.4x104 115 
dihydroxybenzoate 	3.1 
Hexyl-3-methyl-4, 5- 1.1 xl 0-5  22.2x1 ü 106 
dihydroxybenzoate 	3.11 
Hexyi gailate 	2.IV 1.1x10 5 23.1x104 109 
Implications of the results shown in Figure 3.19 on the models proposed in Figure 
3.4 are outlined below. According to the proposal, the isotherm for: 
hexyl gallate (green data) should exhibit the highest binding strength, and 
therefore exhibit the steepest gradient, since the third hydroxyl group should 
promote favourable interactions with neighbouring atoms. 
hexyl-3,4-dihydroxybenzoate (cyan data) should demonstrate slightly inferior 
binding compared to its pyrogallol counterpart since the substitution of the third 
hydroxyl group with hydrogen is expected to have a neutral effect on the 
possibility of secondary interactions. 
hexyl-3-methyl-4,5-dihydroxybenzoate (blue data) should expose the weakest 
binding, and therefore the most gradual gradient, due to the negative interaction 
of the substituted methyl group with neighbouring atoms and possible steric 
hindrance. 
3.6.2 Isotherm Results for the Phenol Derivative, 3.111. 
The isotherm obtained for hexyl-4-hydroxybenzoate correlates with what theory 
predicts. The random scattering of the data around 0 mol g' ATH indicates 
extremely weak, if any, binding to the ATH surface. 
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3.6.3 Isotherm Results for 4-Keto Pyrogallol Derivatives, MV, 3.V 
The adsorption isotherms for two of the keto-derivatives (MV and 3.V) along with 
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0.0 	5.0x10 4 1.0x10 3 1.5x10 3 2.0x10 3 2.5x10 3 3.0x10 3 
Residual ligand concentration / mol dm-3 
Figure 3.22 	Adsorption isotherms for 2,3,4-trihydroxypheriylheptyl ketone (3.IV), 
2.3.4-trihydroxyphenylundecyl ketone (3.V) and octyl gallate (2.Vl) onto 
ATH. 
Not surprisingly, as the ligands have identical headgroups, the isotherms show 
extremely similar and strong binding of the ligands to the ATI-T surface. Figures 
3.23-3.26 display curve fitting of the data. in conjunction with the experimental 
results, further investigations into their binding modes is described in §3.7.5 using 
molecular modelling. 
After a residual concentration of 5.0 x 10 mol dm 3, all three ligands reach a 
plateau region of monolayer saturation. Octyl gallate levels off at 1.1 x 10' g mol', 
2,3,4-trihydroxyphenylheptyl ketone exhibits a slightly higher coverage at 
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1.3 x 10-5 g mol' with 2,3,4-trihydroxyphenylundecyl ketone achieving the highest 
monolayer coverage at approximately 1.5 x 10-5 g mol'. 
In addition to the apparent higher surface coverage of the isotherm for 2,3,4-
trihydroxyphenylundecyl ketone, the shape of its isotherm after a residual ligand 
concentration of 1.0 x 10 mol dni 3 suggests multilayering activity. The slightly 
longer chain length of its tail group may be favourable for aggregation to occur- a 
feature that is explored further with molecular modelling in §3.7.5. Despite the fact 
that the data points in the higher concentration range have been known to be less 
reliable, attempts to analyse the behaviour at these increased concentrations were 
conducted bearing in mind the possible uncertainty of the data. 
3.6.3.1 Curve fitting4 ' 
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< 	0.0  
0.0 	5.000 	l.OxlO' 	1.5x10 	2.0010 	2.5xlcP° 	5.0*10' 	1.0010' 	1 5010' 	2 OxlO 	2.0010" 
Residual ligand concentration / mol dm 3 
Figure 3.23 	Full range curve fits for 2,3,4-trihydroxyphenylundecyl ketone (3.V). 
In §2.3.2.4, the use of a multi-Langmuir model was proposed in cases where the 
classical Langmuir model did not apply. This section serves to provide a basis for 
assessing the validity of the two models used for the curve fitting operation as well as 
offering much desired quantitative results. The case of 2,3,4-
trihydroxyphenylundecyl ketone, depicted in Figure 3.23, is fitted with both models, 
using the multi-Langmuir model in the first instance. 
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When the curve fit is applied over the full isotherm experimental range (see 
Figure 3.23) the result clearly shows a better fit for the multi-Langmuir model over 
the Langmuir. However, before further statements can be made confidently, the 
range over which the data points are known to be more reliable (0 to 
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Figure 3.24 	Re-scaled curve fits for 2,3,4-trihydroxyphenylundecyl ketone applying 
both the multi-Langmuir and Langmuir models respectively. 
Both models now appear to fit the data equally well. A possible explanation for this 
could be to do with the multilayering process that this ligand may undergo. The 
annotated isotherm in Figure 3.25 serves to describe this process. 
The classic Langmuir model is adhered to up to a residual ligand concentration 
of 1.0 x 10 mol dm 3 . At this point monolayer saturation is achieved (represented 
by pale blue ligand). Now the ligand repeats the adsorption process forming a 
second layer on top of the first (represented by dark blue ligand), again obeying the 
Langmuir model in the way illustrated in Figure 3.23. 
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Figure 3.23 Suggested scheme for muUiayehng 	in 2,3,4-tnhydroxyphenylundecyl 
ketone (3.V). 
Neither model was ideal for 2,3,4-trihydroxyphenyiheptyl ketone, but the Langmuir 
model provided a much better fit over both the full range and the selective scale 
shown in Figure 3.26. 
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Figure 3.26 Curve fit for 2,3,4-tnhydroxyphenylheptyl ketone (3.IV). 
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Table 3.9 	Evaluation results of adsorption isotherms using ORIGIN software and 
Langmuir model 
Ligand Max. number of Equilibrium Required surface 
adsorption sites, constant, K area I A 
a / mol g 
2,3,4-trihydroxyphenylheptyl 1.301 9x1 0 1 8.716x103 89.29 
ketone 





Octyl gallate 1.135x10-5 9.746x104 102.44 
*The data tor these ligands were obtained by applying the multl-Langmulr model. 
3.7 Results of Molecular Modelling on Catechol, Pyrogallol and 
Phenol Derivatives 
Molecular modelling techniques, in combination with a considerable input of 
structural knowledge about the interaction of catechol and pyrogallol anions with 
metal-oxo cores, gained from the Cambridge Structural Database (CSD) and from 
existing crystal structure data of the free ligands, (refer to §2.3.1, 3.4.4 and 3.4.7) 
were used to investigate the mode of attachment of the polyphenol ligands (2.IV), 
(3.1) and (3.111), onto ATI-1. 
The hypothesis at the outset of this work was that pyrogallol headgroups will 
bind more strongly than catechol and phenol headgroups via coordinate binding 
through all three of its hydroxyl groups creating six Al—O coordinate bonds. This 
arrangement is illustrated in Figure 3.6 (c). However, the isotherm data presented in 
§3.6 undermined the validity of this hypothesis by suggesting that catechol and 
pyrogallol headgroups have a comparable affinity for ATH, despite the fact that 
catechol, when bound to the surface can form a maximum of only four Al—() bonds, 
similar to the model shown in Figure 3.6 (b). It was, however, clearly shown that 
phenol headgroups are markedly inferior surface ligands for ATH than catechols and 
pyrogallols. 
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Thus, the main question to be answered by the molecular modelling work is 
why catechol and pyrogallol headgroups show similar surface binding affinities 
when the competition is between four Al—O bonds and six Al--O bonds 
respectively. 
Central to the molecular modelling approach used in this project is the 
simulation of the chetnisorption of a monolayer of the ligand onto ATH. A summary 
of the five stages of the molecular modelling strategy is laid out in §1.7. This section 
aims to follow each of these processes in case studies for the polyphenol ligands: 
hexyl-3 ,4-dihydroxybenzoate, hexyl-3 ,4,5 -dihydroxybenzoate and 3-methyl-4,5- 
dihydroxybenzoate. 
The steps followed in the description below are based on those used by 
S. Harris42 in earlier work in the Edinburgh Centre for Surface Coordination 
Chemistry (ECSCC) on surface coordination chemistry of copper and iron oxides. 
3.7.1 Stage 1 - An Analysis of Aluminium Trihydroxide Crystal 
Structures and of the Coordination Geometry of Al(III) Complexes 
of Oxygen Ligands 
Stage I is common to both headgroups, since both are to be attached to the same 
substrate, 7-aluminium trihydroxide, gibbsite. The fundamental processes involved 
in any reactivity at the solid interface all occur at sites with local geometries similar 
to those present on single crystal faces, 43 thus considerations of atomic arrangements, 
that occur in the bulk structure of gibbsite, can provide a starting point for 
investigations of the ligand-metal interface. The single crystal structure of gibbsite is 
shown in Figure 1.4. Bravais-Friedel Dormay-Harker (BFDH) morphology 
calculations were performed, using Cerius2, on the structure to afford six low Miller 
index faces which are predicted to be the most stable faces. These are the {I 0 -11, 
{1 0 1}, {0 0 2}, {0 1 11, {1 1 0} and I  I -1} Miller planes which must only be 
used as a guide in determining which surface structures are likely to react with, and 
be stabilised by, the organic ligands under study. 
An examination of some of these possible low index Miller planes and of the 
11 1  0}, (1 0 01 and {-1 1 0) planes was conducted. The latter three planes are 
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cleaved parallel to the c-axis revealing binding sites which would accommodate 
catecho 1 using a [1.11] binding mode based on the system devised by S. Harris 44  for 
describing the binding characteristics of polynucleating ligands. For a ligand with 
donor atoms D1, 1)2,  D,7 , the binding mode is referred to as [M. Vj V2 1',,]. Where M 
is the overall number of metals bound by the whole ligand L, and each value of Y 
refers to the number of metal atoms attached to the different donor atoms D. Thus 
for a ligand with three donor atoms, the binding mode would contain three values of 
Y. If any of the three donor atoms was not coordinated to a metal atom, its value 
would be explicitly stated as zero. The order in which their values are listed would 
be taken as the most logical possible, such as consecutive atoms around a ring. For 
ligands whose donor set is heteronuclear, the donor atoms are listed in order of 
highest atomic number. See Figure 3.27 for examples of this notation. 
MM 	
0- 	 M 
1-11 
D 
[2.2] 	 [1.11] 	 [3.121] 
	
Figure 3.27 	Structures used to demonstrate the notation used in this chapter. 
On closer inspection of the t  I O}, {1 0 0} and {-I I 01 planes, a zigzag 
arrangement of the sites held together by hydrogen bonding was observed and only 
two of the four possible sites can be occupied by a molecule on the surface (only 
47 A2 is occupied of the possible 98 A 2 surface area) due to steric reasons, implying 
poor surface coverage and surface stability These planes were therefore rendered 
unsuitable as a basis for modelling. The next option examined was the { 1 0 -1 } 







. . . 
.b 
Figure 3.28 	(1 0-1) plane of gibbsite revealing [1.11] sites. Site 1 is coloured green 
and site 2 is shown in purple. 
Again this plane reveals suitable [111] sites, coloured green and purple for the 
binding of 1,2-dihydroxybenzene units. [2.21] sites are also present but are buried 
too deep in surface to be valid for ligand binding processes. The zigzag arrangement 
of the [1.11] sites is still apparent, but it is not so pronounced. Another important 
point to note is the coordination of aluminium in the above structure. It appears to be 
five-coordinate, but this is only because the sixth coordination site has been cut off in 
the cleavage process and it is likely that the sixth site will be occupied by terminal 
ON or H20. 
Figure 3.29 shows the surface that is exposed when cleavage at the { 0 0 21 
plane is carried out. This plane was chosen since only weaker, secondary bonds have 
to be broken in order to simulate the surface. 
This surface was cleaved to a depth of 5 A or approximately half the length of 
the c-axis, thus removing one layer of the layered structure for detailed examination. 
Most sites on this surface exhibit [3.22] binding. 
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Figure 3.29 	{O 0 21 plane cleavage of gibbsite revealing 3.22 sites. Site 1 is coloured 
yellow and Site 2 is shown in blue. 
In Figure 3.29, all the Al. •Al distances are close to 3.00 A and 0 
distances range from 2.71 to 2.94 A. (Refer to Tables 2.2, 3.3 and 3.5 which show 
this value to be consistent with observations from the crystal structures of the free 
ligands, 2IV, 3.1 and 3.111 respectively). The three aluminiums involved in the 
binding at each site on the surface (circled in Figure 3.29) are not colinear, but a 
search of the CSD reveal crystal structures with similar angles (112° to 130°) 
confirming that these types of structures are possible. To select the most appropriate 
site for ligand attachment, the implications of the model on hydrogen bonding have 
to be considered as well as the geometric parameters which can define the geometric 
goodness of fit' of the ligand oxygen donors onto the matrix of A1 3 ions in the 
oxide. The criteria employed in judging the suitability of model surfaces were based 
on assessing the chemical validity of their interaction with ligands without the need 
for extensive reorganisation. For minimal surface rearrangement and maximal H- 
bonding, sites where the two surface hydroxyl groups (when catechol is bound) 
promote H-bonding need to be sought. From this point of view, Site I (coloured 
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yellow in Figure 3.29) appears very suitable as defined by its parameters in Table 
3.10. In order to further evaluate the appropriateness of this site for catechol binding 
its dimensions were compared with the O• .0 dispositions in the free ligand. 





O•••O distance /A 2.79 2.79 
Al•• •Al distance / A 2.88, 2.90 2.90, 2.94 
Al•• -At ... Al angle /° 115 126 
Surface OH-1 Hbond S-01aaa S-OHaa 
Surface OH-2 Hbond S-01aa S-OHddd 
*These parameters were abstracted from the surface prior to interaction with 
a ligand and before energy minimisation calculations were carried out. 
'a' refers to a hydrogen bond acceptor and 'd' refers to a hydrogen bond donor. 
In brief, it was found that the O .0 bond distances in the crystal structure of the free 
ligand, hexyl-3,4-dihydroxybenzoate, 3.1 (2.74 A) are in close agreement with those 
listed in Table 3.10. Thus minimal reorganisation of the surface will be required for 
the interaction with the free ligand. 
3.7.1.1 Aluminium coordination chemistry and geometry 
The chemistry of aluminium has been studied for decades and therefore a number of 
comprehensive textS 45  ' 46 devoted solely to the Group 13 elements are available as 
well as chapters devoted completely to aluminium in standard inorganic texts. 47 ' 48 
Although aluminium occurs almost exclusively in its monopositive and 
tripositive oxidation states the latter predominates in both the solid state and solution. 
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The relative stabilities of the +1 and +3 oxidation states in solution have been 
examined by monitoring the standard reduction potential for the aqueous couple 
A1 3 /Al. Also, since the making and breaking of covalent bonds is considered a 
dominant principle of Group 13 chemistry, the following equation also has use in 
determining the relative stabilities of the two oxidation states. This is carried out 
principally by monitoring changes in standard free energies via the corresponding 
enthalpy changes which in turn are a function of bond enthalpies. 
In aqueous solutions, the speciation is very pH dependent. The reduction potential of 
aluminium metal shown in Equation (3.7) dictates that only the trivalent oxidation 
state exists49 in water. 
At low pH, A13 remains unhydrolysed and the main mononuclear species is 
[Al(H20)6]3 where the waters are arranged around the central aluminium in an 
octahedral array. As the pH increases, mononuclear species of the type 
[Al(OH)(H20)5 ] 2 , [A1(OH)2(H20)4], and Al(OH)3 along with some polynuclear 
species such as [Al2(OH)2(H20)8]4 are formed. 
The divalent oxidation state of aluminium has been detected, but it is a very 
short lived species under conventional conditions and can only be detected by 
trapping in a solid matrix at low temperatures. One way in which the divalent 
aluminium species can achieve longer term stability is through dimerisation with the 
formation of a metal—metal bond, but there are very few cases documented of 
systems with Al—Al bonds. The +4 oxidation state does not feature in any known 
chemical compound of the Group 13 elements. Thus, in this work, the emphasis will 
lie with the +3 oxidation state of aluminium. 
The prevailing pattern for trivalent derivatives of aluminium is to exhibit 
coordination numbers of 4, 5 or 6. It can be seen in Figures 1.4 and 3.29 that A1 3 in 
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the gibbsite crystal structure adopts an arrangement in which it can achieve a 
coordination number of six. Part of the modelling strategy used in this project 
involves surface cleavage (see §3.7.1). Cleavage at one of the planes in the gibbsite 
structure leaves five, four or three oxygens embedded in the surface shown in Figure 
3.30 a), b) and c) respectively with at least one oxygen in the plane of the surface. 
Still the coordination requirements of aluminium in obtaining a stable surface 
complex have to be satisfied. It makes sense to retain its original coordination 
stereochemistry, thus it is not realistic to consider low coordination aluminium. For 
these reasons, in this modelling work, we focus on six coordinate M 3 . 
1-1 (b) 	 (c) 
 
 
Figure 3.30 	Schematic representation of six-coordinate aluminium in gibbsite The 
blue dotted line shows the point at which cleavage occurs highlighting 
the number of vacant sites and the number of oxygen atoms remaining in 
the surface. 
A prerequisite to modelling the possible structures of ligands bound to 
aluminium oxo-hydroxo surfaces was an understanding of aluminium(III) 
coordination stereochemistry. To this end, the CSD was searched 23  for aluminium 
complexes containing exclusively oxygen donor sets. Of the resulting 191 structures, 
93 are six-coordinate, 12 are five-coordinate, 84 are four-coordinate and only 2 are 
two-coordinate. This confirms that, in an oxygenated environment, Al(III) prefers 
four and six-coordinate donor sets. The histograms shown in Figure 3.31 
demonstrate fairly extensive deviations from strict octahedral stereochemistry within 
the six coordinate structures. Although the maximum occurrences for the cis and 
trans angles are 910  and 180° respectively, they exhibit distributions of 66° to 1050 









Figure 3.31 	Distribution of cis angles (above) and trans angles (below) around Al in 
6-coordinate species found 23  in the CSD. 
3.7.2 Stage 2 - An Analysis of the Structures of Metal Complexes formed 
by Catecholates, Pyrogallates and Simple Phenolate Ligands 
3.7.2.1 Interaction of ca/echo/s with metals 
Stage 2 needs to be conducted separately for each new headgroup under 
investigation. First catechol-metal interactions will be discussed. The CSD was 
consulted to provide a picture of the binding modes and geometries that exist in 
complexes between metals and catecholate dianions since these ligands tend to bind 
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to metals in their deprotonated forms. It was also important to verify that structures 
containing four M—O bonds, and displaying the [3.22] binding mode do exist in the 
CSD. 
A total of 417 structures were revealed which exhibit a wide range of 
coordination modes and geometries. These are displayed in Figure 3.32. The 
frequencies with which these specific modes occur are also indicated. Three 
preferred modes; [1.11], [2.21] and [3.22] predominate. 
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[3.22] , F=22 	 [3.31], F=5 	[4.32] , F1 	 [5.33] , F=1 
Figure 3.32 	Binding modes found for catechol-metal complexes in the CSD. The F 
value represents the frequency of occurrence of the given structural type. 
These statistics relate specifically to catecholate dianions. Care was taken to omit 
other closely related structures such as ether derivatives. 
In §3.7.1, comparisons between the crystal structures of the gibbsite surface 
and of the free ligand suggested good compatibility between the free ligand and the 
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substrate, based on O• •0 separations. An analysis of metal-catecholate complexes 
in the CSD indicates that O . .0 distances are shorter (mean value 2.53 A) than in the 
free ligand, 3.1 (2.79 A) which is also accompanied by a decrease in the 0 ...  
angles in the chelate ring. 
A search for catechol binding specifically to aluminium afforded only the five 
structures, shown in Figure 3.33, each of which possess one of the three most 
common binding modes for catechol-metal structures. This initially suggests that 
aluminium adheres to the general catechol-metal binding mode trend. However, the 
central aluminium in the [3.22] mode is part of an organometallic complex and is 
bonded to a methyl group which means this structure is probably a poor 
representation of a metal oxide surface. The second [3.22] structure involves two 
titanium atoms with the third metal being aluminium dimethyl, and the [1.11] 
binding mode fragment is part of a macrocycle involving aluminium with three 5-
membered chelate rings, rendering both these stuctures unsuitable for structural 
comparison purposes. Finally, the [2.21] structures both exist as fragments in an 




0-Al 	 0A1 	
Al 
[1.11] 	 [2.21], F=2 	 [3.22], F2 
Figure 3.33 	Observed binding modes for catechol-metal fragments in the CSD. 
Since there are very few relevant catechol-aluminium type structures to form a 
basis for modelling, it is necessary to consider other metal complexes of related 
hydroxybenzenes. Pyrogallols are obvious choices. 
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3.7.2.2 Interaction of pyrogallol with metals 
A search23 of the CSD revealed 72 structures involving pyrogallol-metal fragments, 
but only the four structures depicted in Figure 3.34, none of which contain 
aluminium, were deemed suitable on a structural basis. All of the other structures 
contained ether fragments. Most relevant to this work is the lack of evidence in the 
CSD of the [4.222] binding mode which corresponds to six M—O coordinate bonds, 
as was proposed in the original model in Figure 3.4(c). Any structures that are 
available appear to be a subset of this binding mode and therefore contain less than 
six M—O bonds. 
As with the catechol structures, very limited information can be gained from 









	 [2.121] F=2 
Figure 3.34 	Observed binding modes for pyrogallol to metal fragments in the CSD. 
3.7.2.3 Interaction ofphenol with metals 
A much larger number of phenol-metal structures is found in the CSD. A search for 
a phenol fragment with the oxygen restricted to bind to one metal only, [1.1], 
revealed 4294 structures with 133 containing aluminium as the sole metal. 
Of 1218 structures with the [2.2] binding mode, only 34 involve aluminium. 
The [3.3] mode and the [4.4] mode showed 64 and 9 structures respectively with no 
aluminium containing fragments. No higher binding modes were revealed. 
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Although phenol-containing metal complexes are very common in the CSD, 
only 3% involve aluminium. Since it is already apparent from isotherm results that 
many phenol ligands do not bind strongly to gibbsite, mono-phenol headgroups will 
not be considered further. 
3.7.3 Stages 3 and 4 - An Analysis of the Possible Sites on ATH to Bind 
Organic Ligands and Treatment of the Models with Molecular 
Mechanics 
The next stage of this approach involves docking the ligand onto the surface by 
judgement of the best possible geometric fit which is partly done by making use of 
data from the appropriate crystal structures (see Tables 2.2 and 3.3). The following 
figures depict the energy minimised models for each of the ligands defined at the 
start of this chapter in Figure 3.1. 
Predominantly, the effect of having two hydroxyls on the 4 and 5 positions on 
the phenyl ring plus one other group on the 3 position was examined. The hydroxyl 
group in position 3 (as in 2.IV) was predicted to promote hydrogen bonding with 
surface groups, while the methyl group (as in 3.11) was envisaged to hinder such 
reactions. A proton in this position (as in 3.1) was used as a type of control, since it 
was assumed it would have a neutral effect on the bonding characteristics. A model 
for the catechol-based ligand (3.1) was the first to be constructed. 
3.7.3.1 Docking of hexyl-3,4-dihydroxybenzoate, 3.1, onto gibbsite. 
In this instance, there is sufficient space for two molecules to occupy each of the two 
surface sites coloured yellow and blue in Figure 3.29. In the model constructed by 
S. Harris, each oxygen on the catechol acts as a hydrogen-bond acceptor and forms 
two Al—O chemical bonds. The minimisation, which uses the Universal Force Field 
(UFF), idealises the geometry of the metal sites as octahedral and the oxygen sites as 
tetrahedral. In each case the metal is defined as octahedral iron since the FF does not 
contain parameters for aluminium. Also the benzene ring is defined as a rigid body 
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to avoid deformation of the ring, but all other atom positions are allowed to vary, as 
are the surface cell parameters to achieve a free minimisation. The minimisation 
process also results in the hexyl tail groups 'flopping' over slightly (see Figure 3.35) 
in order to achieve the best possible close packed arrangement as demonstrated in 
Figure 3.36. 
Figure 3.35 	Docking of hexyl-3,4-clihydroxybenzoate (3.1) onto the {O 0 2} gibbsite 
surface. 
The implications that surface packing arrangements can have on surface 
properties can be examined via the spacefilling representation (Figure 3.36) which 
allows a clearer image of the surface coverage. This model appears to allow for a 
contiguous surface coverage. 
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Figure 3.36 	Spaceflhling model of hexyl-3,4-dihydroxybenzoate (3.1) onto the {O 0 2} 
gibbsite surface. 
3.7.3.2 Docking of hexyl gal/ale, 2. IV, onto gibbsite. 
Docking of the pyrogallol headgroup, first using two of its hydroxyl oxygen atoms to 
form 0—Al bonds and then using all oxygen atoms to form 0—Al bonds, to the 
same surface was carried out to monitor the effects the additional hydroxyl group has 
on binding. 
In the case of ligand binding via two of the possible three hydroxyls, the 
overall model is very similar to that for the dihydroxybenzene headgroup shown in 
Figure 3.34. Four A1--O coordinate bonds are formed via the [2.22] binding mode. 
The additional hydroxyl group is probably a participant in hydrogen bonding to 
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surface hydroxyl groups. This can be seen in Figure 3.37. This ligand binding also 
provides satisfactory surface coverage. 
Figure 3.37 	Docking of hexyl gallate (2.IV) onto (0 0 21 gibbsite surface. 
When the scenario of binding to the surface via all three hydroxyls is considered, 
there is immediately a potential drawback. An examination of the gibbsite crystal 
structure shows there are no obvious suitable surface sites which will accommodate 
[4.222] binding. 
The basis for the modelling hypothesis is the replacement of S-OH sites with 
L-O sites (see Figure 1.2). This was initially assumed to be possible for three oxygen 
donors because, in terms of connectivity, the pattern demanded by three donors does 
exist on the ATH surface (Z). This is shown in Figure 3.38. 
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However, when this is examined in 3-
D, it is apparent that the structure is 
not planar. It is implicit in our 
postulate of ligand binding (Y) that the 
whole system is planar, thus binding 
Z 	of an organic ligand (Y) onto such a 
surface (Z) is not feasible. 
Figure 3.38 	Schematic diagram 
showing ligand binding onto 
ATH, (Y) and the oxidised 
aluminium surface (Z). 
Figure 3.39(a) illustrates the sets of three approximately co-linear oxygen atoms in 
the 10 0 21 plane of gibbsite which may be able to offer binding sites to the 
trihydroxybenzene unit. The 0.• .0.. .0 angle is 167.8 0 and the O• •0 bond distances 
are 2.79 and 2.70 A respectively. In (b), the non-planarity of the fragment as a whole 




Figure 3.39 	Cross sectional view of a fragment from the {O 0 2} plane of gibbsite, 
shown in Figure 3.26, which may be able to accommodate a surface 
ligarid containing the trihydroxybenzene unit of hexyl gallate 
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In order to verify the unfeasibility of such a model and for completeness, it was 
decided to continue with the construction of the model. Figure 3.40 shows the 
docking of hexyl-3,4,5-trihydroxybenzoate onto ATH via geometric fitting (pattern 
matching), prior to minimisation calculations. 
The two sites that were coloured blue and yellow in Figure 3.29 can no longer 
be separated since the span of the trihydoxybenzene ligand uses part of both sites. 
Here the surface binding site is coloured orange. 
Figure 3.40 	Geometnc matching of hexyl gallate onto the ATH surface. 
The minimisation was carried out with the ligand (excluding the alkyl tail group) 
held as a rigid body and with all the surface atoms held rigid. Thus the minimisation 
concerns the position of the ligand relative to the surface. 
The A1—01 and A1-03 bond lengths in the model in Figure 3.41 below, all 
lie within the range 1.94 to 2.17 A. However, the A1-02 bond lengths are 
extremely short and measure 1 .55 and 1.66 A. This is sufficient to render the model 




Docking of hexyl gallate (2.IV) onto {O 0 2} gibbsite surface. This model 
shows the result after minimisation calculations have been conducted. 
Figure 3.42 Spacefihling representation of the 
binding of hexyl gallate via all 
three of its hydroxyl functinalities 
onto {D 0 1} gibbsite surface. 
Another disadvantage of this 
model is in terms of surface 
coverage. The fact that there is 
only one appropriate surface site 
(coloured orange) for fitting one 
molecule onto the surface, means 
that the surface coverage will be 
poorer for ligands which bind 
through all three of their 
hydroxyl groups. This is 
displayed in Figure 3.42 where 
holes can be seen due to the gaps 
that are created between ligands. 
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In conclusion, the best model for the binding of a trihydroxybenzene unit onto 
ATH that can be constructed without significant surface reorganisation is the model 
shown in Figure 337. This may explain the results obtained in §3.6 that suggested 
catechol and pyrogallol headgroups have equal binding affinities for ATH surfaces. 
3.7.3.3 Docking of hexyl-3-methyl-4, 5-dihydroxybenzoate onto gibbsite. 
Finally, the case of replacing the hydroxyl group on the 3 position of the pyrogallol 
headgroup unit with a methyl group was considered. This model was constructed by 
modifying the model of hexyl-3,4-dihydroxybenzoate in Figure 3.35. 
Figure 3.43 	Docking of hexyl-3-methyl-4,5-dihydroxybenzoate (3.11) onto the {O 0 2}) 
gibbsite surface. 
As usual, the benzene unit was defined as a rigid body, as was the carbon of the 
additional CH3 group, allowing the remaining structural components to undergo free 
minimisation. The bond distances and angles, but not the torsion angles, of the CH3 
were restrained. 
Although the structure of hexyl-3-methyl-4,5-dihydroxybenzoate is very 
similar to that of hexyl-3,4-dihydroxybenzoate, the CH 3 group has a very strong 
influence with respect to surface bonding characteristics. Figure 3.43 shows the 
change in interfacial geometry (as compared to that in Figure 3.35), which is the 
result of the ligand tilting at site 2. It may be forced to move in such a fashion by the 
increased steric bulk of the Cl 3 group. The slight overcrowding, however, does not 
cause any substantial reorganisation of the surface. The loss of a hydrogen bond at 
site 2 as a consequence of the ligand tilt suggests that this ligand may have a slightly 
lower affmty for the ATH surface than catechol headgroups. 
The surface coverage of this ligand is similar to that of the catechol ligand 
displayed as a spacefihling representation in Figure 3.36. 
3.7.4 Stage 5 - Structural Assessment and Comparison of Models 
The final step is to assess the validity of the generated models in terms of 
conventional coordination stereochemistry. To eliminate the possibility of 
unfavourable interactions, such as the rings being too close together and therefore 
distances within the sum of van der Waal's radii, close contacts are checked. All of 
the models created so far have their closest intermolecular H ... H positions within the 
limits of a feasible model (approx. 2.5 A). 
Table 3.11 contains information on the hydrogen bonding abilities, in terms of 
binding modes, of the ligands discussed in this section (2.IV, 3.1, 3.11). 
157 
Table 3.11 	Summary of geometric information gained from each model for the {0 0 2} 
surface. 
Ligand / Site 	 Al . Al 	Al A1 A1 Binding mode 
distance/ A distance/ A angle I 
2.IV / Site 1 	2.71 	2.90 	119 	[3.2aa2aaaQdd] 
bound through 2.67 2.95 
2 hydroxyls 
2.IV I Site 2 2.71 2.92 121 [3.2aa2aaa0dd] 
bound through 2.68 2.93 
2 hydroxyls 
2.lV I Site 1 2.73 2.95 113 [4.22a2] 
bound through 2.73 2.94 
3 hydroxyls 126 
2.90 
3.1 	I Site 1 2.70 2.88 119 [3.2aa2aa] 
2.93 
3.1 I Site 2 2.71 2.91 121 [3.2aa2aa] 
2.90 
3.11 	/ Site 1 2.69 2.92 114 [3.2aa2aa] 
3.07 
3.11 I Site  2.68 2.92 119 [3.2aa2a] 
3.05 
3.7.5 Results of Molecular Modelling on Keto Derivatives 
It was shown in the previous section that the trihydroxybenzene headgroup adopts its 
most feasible surface complexation model by binding through only two of its 
hydroxyl groups. This is also the case for the keto derivatives. Figure 3.44 shows 
how both ligands (3.IV and 3.V) twist to form two coordinate bonds per oxygen 
atom with the surface, while the remaining hydroxyl group participates in secondary 
interactions. The keto group is too far from the surface to participate in any bonding 
interactions with the surface (0-0 distances of 5.6 A), thus the model is 
comparatively similar to that for the docking of hexyl gallate (2.IV) onto the {O 0 2} 
gibbsite surface (see Figure 3.37). The surface coverage is also very similar. 
158 
-1 
Figure 3.44 	2,3,4-tnhydroxyphenylheptylketone, 	3.IV 	(above) 	and 	2,3,4- 
trihydroxyphenylundecylketone, 3.V (below) docked onto the {D 0 2} 
gibbsite surface. Blue and yellow oxygens differentiate between the two 
available surface binding sites. Their spacefilling representations are 
shown alongside. 
3.7.5.1 Half monolayer coverage 
Half monolayer coverage was considered and is depicted in Figure 3.45. This is 
where there is occupation of site I (coloured yellow) only by the ligand. The most 
obvious consequence of this is the much reduced surface coverage and thus is not an 
ideal model, but the extra space allows investigation of the amphiphilic nature of the 
ligands and the scope for interdigitation. Thus examination of the surface binding 
with respect to the possibility of multilayering was the main reason for constructing 
the following models. 
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Figure 3.45 	2,3,4-trihydroxyphenylheptylketone, 	3.IV (above) and 2,3,4- 
trihydroxyphenylundecylketone, 3.V (below) docked onto the {0 0 2} 
gibbsite surface. Their spacefihling representations are shown 
alongside. 
Let us now consider the case of multilayering exclusively. The model for the surface 
bound ligands has been established, but when another set of ligands approach the 
surface, the set-up displayed in Figure 3.46 can occur. The Connolly surfaces, 
shown by pink and blue dotted areas respectively, highlight the feasibility of 
interdigitation between the surface bound ligands and of the additional set of ligands 
approaching the surface. 
The second molecule cannot appear to go down further than the C4 position of 
the alkyl group of the docked ligand, and since the lengths of the alkyl tail groups in 
the first instance are relatively short, C7, not much overlap occurs and the 
interdigitation is not very pronounced. However, if the length of the tail group is 
increased to CII, there is sufficient length to allow good overlap and considerable 
interdigitation. 
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Figure 346 	2,3,4-tnhydroxyphenylheptylketone (3.IV) docked onto the {O 0 2} 
gibbsite surface showing Connolly surfaces. 
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Figure 3.47 	2,3,4-trihydroxyphenylunclecylketone (3.V) docked onto the {0 0 2} 
gibbsite surface showing Connolly surfaces. 
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Table 3.12 	Summary of geometric information gained from each model for the binding 
of 	2,34-trihydroxyphenyiheptylketone 	(3.IV) 	and 	of 	2,3,4- 
trihydroxyphenylundecylketone (3.V) to the {0 0 2} surface of gibbsite. 
Parameter 	Heptyl Heptyl Heptyl Undecyl Undecyl Undecyl 
Site 1 Site  Site I Site 1 Site  Site 1 
half coverage half coverage 
0.. .0 	2.71 2.71 2.85 2.71 2.71 2.85 
distance / A 	2.68 2.68 2.81 2.68 2.68 2.81 
Al -- -Al 	2.90 	2.92 	2.98 	 2.90 	2.93 	2.91 
distance /A 2.95 2.93 2.88 2.95 2.93 2.89 
Al---Al--Al 	119 	121 	120 	 118 	121 	121 
angle / 
Binding 	[3 . 2aa2aaaOdd} 	[3.2..2a ... Odd] 	[3 . 2aa2aaa0dd] 	 [3 .2aa2aaa°dd] 
mode 
3.7.6 Comparison of Experimental and Theoretical Results 
To complete this section, a comparison of the experimental and theoretical results for 
the surface area required per molecule of ligand when bound to the surface is 
considered in Table 3.13. The discrepancy between the two results is approximately 
two-fold. A similar trend has also been reported in the work of Frey et al. which was 
outlined in §3.3.1. This can be accounted for by considering that the creation of a 
model assumes a perfect surface with identical surface sites. In a real situation, the 
picture is quite different and the total area of an inorganic substrate, as defined by the 
BET adsorption isotherm, is invariably greater than the theoretical value due to the 
presence of non-ideal sites in addition to the ideal surface sites accounted for in the 
theoretical analysis. 
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Table 3.13 	Cell parameters and a comparison of the results obtained in molecular 
modelling (theoretical) and adsorption isotherms (experimental) studies. 
Ligand 	 Length Width, Angle, Theoretical Experimental 
U/A 	VIA 	0/ 0 	Area/A2 	Area/A2 
Hexyl-3,4- 	 8.62 	5.09 	90.5 	43.8 	115 
dihyd roxybenzoate 
Hexyl 	gallate 	bound 8.68 5.14 90.3 44.6 109 
through 2 hydroxyls 
Hexyl 	gallate 	bound 8.68 5.08 90.0 44.1 109 
through 3 hydroxyls 
Hexyl-3-methyl-4,5- 8.64 5.48 89.5 47.4 106 
dihydroxybenzoate 
2,3,4- 8.67 5.14 90.2 44.6 89 
Trihydroxyphenylheptyl 
ketone 
(half coverage model) 8.67 5.02 92.0 43.5 
2,3,4- 8.68 5.14 90.2 44.6 69 
Trihydroxyphenylundecyl 
ketone 
(half coverage model) 8.76 5.03 90.0 44.1 
3.8 Conclusions 
Initially, it was thought the results gained in Chapter 2 which showed 
dihydroxybenzenes and trihydroxybenxenes to have similar affinities for the ATH 
surface were inconclusive and it was hoped that molecular modelling would help to 
understand these findings. The modelling work conducted in this Chapter provides 
an explanation for the apparent equality in binding strengths between the types of 
ligands illustrated in Figure 3.1. 
The most plausible binding modes for polyphenol binding is through two of its 
hydroxyl groups, even for headgroups containing three hydroxyls. The remaining 
OH could become involved in secondary interactions with the surface. 
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Of the three headgroups (4,5-dihydroxybenzene, 3,4,5-trihydroxybenzene and 
3-methyl-4,5-dthydroxybenzene) studied in this chapter, the models constructed for 
each situation conveyed all will possess similar binding strengths onto ATH, since all 
of the ligands contain at least two hydroxyl functionalities. 
Models were also constructed for the binding modes of two 2,3,4-
trihydroxyphenylalkylketones, 31V and 3.V, where a keto functionality has been 
incorporated into the pyrogallol headgroup oriho to one of the existing OH groups. 
However, no indication of higher affinities for ATI-1, by virtue of the additional keto 
group in the ligand, was offered by the models. 
A useful aspect of the modelling was the scope to investigate the capacity of 
each ligands multilayering abilities. Of the two ligands investigated (3.IV and 3.V) a 
more feasible model for multilayering was offered by the ligand possessing a longer 
alkyl tail group since interdigitation between each molecule was enhanced. 
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3.9 Experimental 
3.9.1 Catechol Derivatives 
n-Hexyl-3,4-dihydroxybenzoate, C13H 1 804, 3.1, was prepared by adapting the 
direct esterification procedure reported in §2.3.1 for hexyl gallate. Under a nitrogen 
atmosphere, 3,4-dihydroxybenzoic acid (6.18 g, 40 mmol) was mixed in hexyl 
alcohol (8.20 g, 80 mmol). Xylene (40 ml) and p-toluenesulfonic acid were added to 
the flask and the mixture was refluxed for 4 h. The resultant solution was added to 
an equal volume of petroleum ether (60-80) and left to stand for a while before a 
precipitate formed. After filtration and recrystallisation from toluene, a light beige 
powder was collected. (5.81 g, 94% yield); m.p. 106-108°C; Found: C, 59.62; H, 
7.34%. C j 3H 1 80 requires: C, 65.53; H, 7.61%. Purification was achieved by elution 
with EtOAc: hexane (1:1) through a column packed tightly with silica gel. 
9 Fractions were collected (plus a further six washings with EtOAc:MeOH 
respectively) which were analysed by thin layer chromatography and the fractions 
which contained the desired product were reduced in volume by rotary evaporation. 
A white powder was collected by filtration (5.23 g, 85% yield); m.p. 112-115°C; 
Found: C, 64.99; H, 7.61%. C 13 1-1 1 804 requires: C, 65.53; H, 7.61%. 
oH (CD3 COCD3 ) 0.89(t, 3H, CH3 ). 1.39(m, 6H, CH2-alkyl chain), 1.72(m4 211, 
CH2-1), 4.27(t, 2H, CH2-2), 6.08(s, IH, OH-l), 6,38(s, lH, OH-2), 6.90(d, 1H, H-2), 
7.56(m, 1H, H-I), 7.67(d, 11-1, 11-3); OC (DMSO-d 6) 13.9(s, C113), 22.1(s, CH2-0, 
25.3(s, 3(CH2)-2), 28.3(s, CH-3), 30.9(s, CH 2-3), 64.1 (s, C-4), 115.8(d, CH-2), 
121.3(d, CH-l), 145.1(s, OH-l), 150.4(s, OH-2), 165.8(s, C-5); IR(KBr disc): 3402 
br md, 1605 St. 1557 st, 1500 md, 1325 md, 1286 st, 1180 wk, 1190 st, 1028 wk. 
3.9.1.1 Attempted synthesis of n-hexyl-3 methyl-4,5-dihydroxybenzoate 
The synthesis of n-Hexyl-3,4-dihydroxybenzoate, C 13H1804, 3.1, was attempted 
initially via the protection approach. 	3,4-Dihydroxybenzoic acid and 
2,2-dimethoxypropane were dissolved in dry acetone in the presence of a small 
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amount of p-toluenesulfonic acid catalyst. After a short period in a water bath 
(-1 .5 h), thin layer chromatography (TLC) analysis indicated the conversion to the 
acetal-protected benzoic acid had likely occurred. This was then refluxed for 24 h 
with potassium carbonate, to remove any unchanged acid, and an appropriate alkyl 
bromide (octyl bromide in the first instance). Observed colour changes were from 
dark red which gradually turned to pale yellow. It was noted that the potassium 
carbonate showed a reluctance to dissolve, therefore this was hot filtered from the 
reaction mixture at the end of the heating period to leave a clear yellow filtrate. 
Again, TLC suggested, by the presence of an additional spot near the top of the slide, 
the conversion had taken place. The yellow filtrate was vacuum distilled at 1 mm Hg 
and a clear colourless liquid distilled over at 40 °C. No precipitate could be coaxed 
from the solution, however NMR and JR analysis of the liquid suggested no 
formation of the desired product. 
n-Hexyl-3-methyl-4,5-dihydroxybenzoate, C 14112004, 3.11, was prepared by a 
procedure similar to that for 3.1. 3-methyl-4,5-dihydroxybenzoic acid (8.41 g, 
50 mmol) and hexyl alcohol (5.11 g, 50 mmol) were dissolved in xylene (40 ml) 
along with p-toluenesulfonic acid (0.69 g). The mixture was refluxed for 4 h to 
produce a clear dark red coloured solution. On cooling a cream coloured powder 
was collected via filtration, which turned out to be unreacted starting material. The 
filtrate was left to stand for ca. two days when 3.11 separated as a white powder. 
(1.78 g, 66% yield); m.p. 131-133°C; Found: C, 66.17; H, 7.65%. C 141-12004 
requires: C, 66.65; H, 7.99%. 6H (CD3 COCH3) 0.90(t, 3H, CH 3-1), 1.40(m, 611, 
CI-12-alkyl chain), 1.72(m, 211, CH 2-1), 3.78(s, 311, CH3-2), 4.21(t, 2H, CH 2 -2), 
7.14(s, 211, Fl-i, 11-2), 8.17(br d, 3H, OH-I, 011-2); TR(KBr disc): 3460 st, 3320 st, 
1610 wk, 1569 md, 1592 md, 1510 st, 1452 md, 1300 Sf, 1163 st, 1022 md. 
3.9.2 Phenol Derivatives 
n-Hexyl-4-hydroxybenzoate, C 3H 1803, 3.111, was synthesised on a 0.05M scale 
following a procedure similar to that used for the gallate esters (see §2.3.1) and for 
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the catechols. 4-Hydroxy benzoic acid (6.92 g, 50 mmol) and hexyl alcohol 
(10.22 g, 0.10 mol) were mixed in xylene (40 ml). p-Toluenesulfonic acid (1.04 g) 
was added and the cloudy, white mixture was refluxed for 5 h. A thick yellow 
solution resulted with no solid present. After approximately 3 months on the bench 
at room temperature, large colourless platelets separated from the xylene solution 
which X-ray crystallography confirmed to be the desired hexyl-4-hydroxybenzoate. 
(1.94 g, 28% yield); m.p. 42-43°C; Found: C, 70.29; H, 8.18%. C 13H 1 803 requires: 
C, 70.24; H, 8.16%. 6H (DMSO) 0.86(t, 3H, CH 3), 1.31 (m, 6H, CH2-alkyl chain), 
1.63(q, 2H, CH2-1), 4.17(t, 2H, C112-2), 6.84(dd, 2H, H-i), 7.80(dd, 2H, H-2), 
10.3(s, IH, OH). JR (KBr disc): 3245 br vst, 2929 st, 1686 St. 1609 st, 1379 md, 
1281 vst, 1164 st cm- ' 
3.9.3 4-Keto Pyrogallol Derivatives, C6H2(OH)3C0R 
Attempted synthesis of 2,3,4-trihydroxyphenyiheptyl ketone, R = C7H 15 , 3.LV 
involving no catalyst. Octanoyl chloride (25 g, 0.15 mol) was added slowly to 
pyrogallol (25 g, 0.2 mol) producing a yellow liquid. An air condenser and CaCl2 
drying tube were attached to the reaction flask and the mixture was heated for 4 h 
until a gluey mixture appeared. This was washed with toluene (-10 ml) which 
resulted in layering of the mixture. The bottom toluene layer contained a small 
amount of solid which was recrystallised from H20 (3.9 g, 8% yield); m.p. 75 °C 
(lit., 78°C); Found: C, 66.15; H, 7.88%. C 14H2004 requires: C,66.65; H, 7.99%. 6H 
(CDC13) 0.89 (t, 3H, CH 3), 1.50 (m, 8H, CH2-alkyl chain), 2.89 (t, 2H, CH2), 5.60 
(s, lH, OH-4,), 5.98 (s, lH, OH-3), 6.49 (d, I11,11-2), 7.29 (t, lI-I, H- 1). 
Attempted synthesis of 2,3,4-Trihydroxyphenylundecyl ketone, R = C1 i Hu, 3.V, 
with equimolar amount catalyst. Lauroyl chloride (10.9 g, 0.05 mol) was added 
carefully to pyrogallol (12.5 g, 0.1 mol) and ZnCl 2 (7.5 g, 0.05 mol). After heating at 
70° C for 4 Ii, the mixture was cooled to RT and acidified with 1M HC1 (15 ml). 
The mixture hardened and further heating was required. An orange powder was 
filtered from the solution and recrystalised from toluene. (16%) m.p. 79 °C (lit., 
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76-77°C); Found: C, 69.82; H, 10.1%. C 1 8H2804 requires: C, 70.04; H, 8.78%. 
5U (CDC13) 0.87 (t, 31-I, CH 3), 1.54 (m, 1811, CH 2-alkyl chain), 2.85 (t, 2H, CH2), 
5.53 (s, li-I, OH-4.), 6.49 (d, 11-1,11-2), 7.30 (d, 1H, H-I), 12.92 (s, 1I-1,OH-5). 
2,3,4-Trihydroxyphenyiheptyl ketone, R = C7H15, MV. Octanoyl chloride 
(16.19 g, 0.10 mol) was added dropwise at RT to a stirred mixture of pyrogallol (12.6 
g, 0.10 mol) and zinc chloride (0.016 g, 0.12 mmol). The mixture was heated slowly 
to 150°C and held at this temperature for 4 h. A gradual colour change was observed 
from cream to deep red. On cooling, the mixture solidified and was recrystallised 
from toluene and pet. ether to yield a shiney orange powder. The product was 
purified by column chromatography, using silica gel and 1:1 EtOAc:hexane eluent, 
to give a pale pink powder. (53% yield); m.p. 76°C (lit., 78°C); Found: C, 66.28; H, 
7.98%. C 14 1-1 2004 requires: C,66.65; H, 7.99%. 6H (CDC1 3) 0.87 (t, 3H, CH3), 1.41 
(m, 6H, CH2-alkyl chain), 1.72 (m, 2H, CI-1 2-1), 2.89 (t, 2H, CH2-2), 5.62 (s, IH, 
OH-4,), 5.97 (s, 1H, OH-3), 6.51 (d, lH, H-2), 7.28 (t, 111, 11-1), 12.95 (s, 1H, OH-
5); m!z (thioglycerol, CH 3CN) 253 (M+ +1); 153 (C 7H504); JR (KBr disc): 3367 st, 
3212 br st, 2952 st, 1626 st, 1514 md, 1406 md cm* 
When the same preparation was conducted on a 1 M scale and purification carried out 
by vacuum distillation, a pale yellow product was collected which was dissolved in 
toluene, cooled, and an equal volume of 40-60 petroleum ether added. The resulting 
precipitate was collected and dried. (57% yield); m.p. 68-69°C (lit., 78°C); Found: 
C,66.13; H,7.72%. C 14H2004 requires: C, 66.65; H, 7.99%. oH (CDC13) 0.87 (t, 3H, 
CH3), 1.39 (m, 6H, C112-alkyl chain), 1.74 (m, 2H, C11 2-1), 2.89 (t, 2H, CH 2-2), 5.62 
(s, 1H, OH-4, ), 5.97 (s, IH, OH-3), 6.51 (d, 1I-I,H-2), 7.28 (t, in, H-I), 12.95 (s, 
1 H 2 OH-5). 
2,3,4-Trihydroxyphenylundecyl ketone, R = C11 1123, 3.V, was obtained in a similar 
manner to the method described for (3.LV), by heating pyrogallol (12.6 g, 0.10 mol), 
lauroyl chloride (21.9 g, 0,10 mol) and a catalytic amount of zinc chloride (0.017 g, 
0.1 mmol) for at least 4 h. Addition of lauroyl chloride to pyrogallol was carried out 
over a 45 min period since this reaction proved to be potentially explosive. With 
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time, the white pyrogallol powder turned deep yellow. At the end of the reaction, 
indicated by TLC analysis, a very dark red 'gungy' solution was collected, which 
solidified immediately on cooling. This was crushed up, refluxed in toluene, cooled 
again and 40-60 pet. ether was added. The dark wine, clear solution was left in the 
freezer and checked frequently for any trace of solid. Within a few days, an orange 
powder was filtered from the solution and columned to yield a pale orange powder. 
(18.3 g, 59% yield); m.p. 77°C; Found: C, 70.10; H, 9.15%. C 18H2304 requires: C, 
70.04; H, 8.78%. 8H (CDCI3) 0.87 (t, 31I, CH3), 1.31 (m, 16H, CH 2-alkyl chain), 
1.82 (m 21-1, CH2-1), 2.89 (t, 2H, CH2-2), 5.55 (s, IH, OH-4,), 5.90 (s, IH, OH-3), 
6.51 (d, 1H, H-2), 7.29 (d, 111, H-i), 12.92 (s, 1H, OH-5); m/z (thioglycerol) 309 
(M +1); 153 (C7H504+); JR (KBr disc): 3370 st, 3210 br st, 2917 st, 1627 st, 1508 
md, 1406 md cm-i. 
2,3,4-Trihydroxyphenyiheptadecyl ketone, R = C 17H35 , 3.Vt, was synthesised 
following literature method 14  and on a 0.05M scale. Pyrogallol (6.3 g, 0.05 mol) and 
stearic acid (17.1 g, 0.06 mol) in the presence of a zinc chloride catalyst (6.8 g, 
0.05 mol) were heated at 130°C for 2 h. After cooling, the resultant product was a 
deep red hard solid. Addition of IM hydrochloric acid proved unsuccessful in 
dissolving the product at RT. This was, however, achieved by heating. On cooling, 
diethyl ether was added forming two layers. The bottom aqueous layer was dark red 
in colour with the orange organic top layer containing a rust coloured solid. This 
was filtered off and washed with H20, but analysis revealed this to be impure and not 
the desired product. However, the ethereal filtrate was washed with H20 three times, 
dried over magnesium sulfate and reduced in volume by rotary evaporation to yield 
the desired 2,3,4-trihydroxyphenylheptadecyl ketone as a dark red crystalline 
material. On recrystallisation from toluene, a pale red powder was achieved. 
(9.54 g, 49% yield); m.p. 77-79 °C; Found: C, 72.73; H, 10.27%. C 241-L1004 requires: 
C, 72.07; H, 10.36%. oH (CDC13) 0.87 (t, 3H, CH3), 1.54 (m, 34H, CI-1 2-alkyl 
chain), 2.89 (t, 2H, CH 2), 5.91 (br s, 2H, OH-3, OH-4), 6.51 (d, lH, H-2), 7.29 (d, 
lH,H-1), 12.97 (s, 1H 2 OH-5); m/z (thioglycerol, CH3CN) 393 (M +1); 153 
(C7H504 ); IR (KBr disc): 3512 v, 3485 v, 2919 st, 1718 w, 1648 md, 1514 w, 1381 
md cm'. 
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The grey coloured solution gradually turned dark red through yellow. At the end of 
the four hour reaction period the mixture solidified completely, but was crushed up 
and recrystallised successfully from toluene and petroleum ether. 
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CHAPTER 4 
Alternative Screening Techniques: 
Electrochemistry and ICP-AES 
4.1 Initial Concepts 
The strengths and weaknesses of the adsorption isotherm technique in assessing the 
ligating ability of various donor sets have been considered several times throughout 
this work. Because it is very labour intensive it takes too long to screen any large 
number of possible surface ligands. Also the technique was unable to distinguish 
between the binding strengths of pyrogallol and catechol systems. Consequently, it 
was considered important to investigate alternative screening protocols. 
Corrosion testing was initially chosen as an alternative means of assessing the 
suitability of the ligands for the ATH surface, based on the assumption that any 
ligand which conveys high corrosion protection to lightly corroded aluminium will 
probably be a good surface ligand for aluminium oxides or hydroxides. 
4.2 Electrochemistry for Monitoring Corrosion 
The inhibition efficiency of a range of compounds for the corrosion of aluminium, 
under acidic conditions, has been widely studied' 2,1,4  using both chemical and 
electrochemical techniques. Of particular interest to the work described in this thesis 
was the investigation into the performance of catechol derivatives' where the results 
of the electrochemical techniques are in good agreement with those gained from 
chemical methods such as thermometric and weight loss measurements. 
Galvanostatic polarisation measurements were conducted for varying concentrations 
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of catechol and showed the derivatives to act as anodic and cathodic inhibitors. The 
inhibitor's effectiveness depends upon concentration and composition and operates 
through an adsorption mechanism. At low concentrations, para-substituted (with 
respect to one of the hydroxyl groups) catechol derivatives appear to be adsorbed 
onto aluminium via both of their hydroxyl groups and through the ,t-electron system 
of the benzene ring, forcing the inhibitor to lie flat on the metal surface. 
Consequently surface coverage is good and a strong inhibitive effect is gained. The 
adsorption of the hydroxyl groups depends on the charge density, which in turn 
depends on the nature of the para substituent. Mohamed and coworkers' found 4- 
methyl catechol to be the strongest candidate for inhibition of aluminium corrosion. 
The presence of the methyl group para to one of the hydroxyl groups increases the 
charge density causing enhancement of adsorption onto the aluminium surface. The 
poorest inhibitor was found to be 4-tetrachioro catechol, probably due to the presence 
of four electrophilic chloride atoms forcing an electron-withdrawing inductive effect. 
Aluminium and zinc pigments are used extensively in water-borne paints both 
for decorative and practical purposes, but corrosion reactions occur for both 
substances in this aqueous alkaline media, with the evolution of hydrogen. Pressure 
build-ups in the paint containers is a major cause for concern and thus methods for 
the inhibition of these corrosion reactions has been investigated by Muller et al. 
Nitro- and amino-phenols 56 were dissolved in an appropriate corrosion medium for 
paint systems (desalinated water and butyl glycol) and the progress of the corrosion 
with time was measured daily via volumetric analysis of the evolved hydrogen. This 
study highlights the specificity of corrosion inhibitors for different metals. A 
prerequiste for corrosion inhibition by phenols of the aluminium pigment appears to 
be the possibility of chelate formation, thus 4-substituted nitro- and amino-phenols 
performed poorly because of their inability to form chelates. An earlier study by the 
same author7 revealed ortho-substitued phenols to be effective corrosion inhibitors 
for aluminium whereas ortho-substituted anilines were ineffective. These findings 
are consistent with the hard-soft acid-base theory. Phenolates are hard Lewis bases 
and will form stable complexes with the hard Lewis acid, aluminium(III) oxide, 
while anilines can only form weak complexes due to them being only borderline 
Lewis bases. For the zinc pigment a chelating effect also improves inhibition but it 
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is not a requirement. The effectiveness of a phenol as a corrosion inhibitor was also 
shown to depend upon concentration and pH (again with different consequences for 
aluminium and zinc). 
The previous investigations have focused around acidic and alkaline corrosive 
media as this was relevant for the particular environments under study. In many 
practical situations such as heat exchange systems and steam boilers the solution 
conditions are neutral. Despite this, there seems to be a lack of information about the 
effects of inhibitors in neutral aqueous solutions. Electrochemical methods were 
adopted in one study  to determine the effectiveness of straight chain mono- and di-
carboxylates (already known to have favourable inhibition characteristics) as 
corrosion inhibitors for mild steel, copper and aluminium (since these make up the 
metallic parts of many heat-exchange systems) in near neutral solutions. 
Carboxylates make ideal candidates for these systems since they are biodegradable 
and have low toxicities. Electrochemical measurements showed the inhibition 
effectiveness to be highly dependent on chain length, the number of carboxylate 
groups and the metal. Complex behavioural patterns, also emerged which reflect the 
occurrence of a number of competing reactions such as micelle formation, adsorption 
and complexation at the metal oxide surface. 
The most common form of attack on aluminium is pitting corrosion 10 ' 1 which 
is renowned for it being one of the most aggressive types of destruction of metals in 
aqueous solutions. In attempts to understand the mechanism of pitting, researchers 
have measured pitting potentials, E, via electrochemical techniques. 8,12,13  In the 
work by Ergun el al. 13 they have also developed a model to allow the rapid prediction 
of E values thus enabling a control of material damage. Most of these studies have 
monitored pitting corrosion with respect to a range of environmental factors such as 
temperature, pH, alloying and aggressive ion and inhibitive ion concentrations. They 
showed via anodic potentiostatic polarisation measurements that pitting corrosion 
decreases with increasing temperature, but appears to be independent of pH. 
Aggressive and inhibitive ions compete for surface sites and when a critical ratio is 
exceeded pitting occurs on exposed surface areas. 
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4.3 Electrochemical Methods and Results 
Corrosion testing was chosen as a means to screen possible surface ligands on the 
assumption that any ligand that displays good corrosion protection will probably 
have the potential to be a strong surface active ligand. 
4.3:1 Linear Polarised Resistance (LPR) 
The first method used in this project to gauge the corrosion inhibition effects of the 
ligands was a very simple electrochemical technique known as Linear Polarised 
Resistance (LPR). This was successfully used by Zeneca' 4 to rank the compatability 
of anti-fungicides with corrosion inhibitors for reservoirs. The only metal tested in 
their investigation was mild steel. 
The technique works by applying a small voltage (10 - 30 mV) between two 
corroding electrodes (anodic and cathodic half cells) and measuring the resistance 
between them. The resistance depends on the corrosive nature of the medium and 
the electrode/solution interface (see Equation (4.1)). Although only aluminium 
electrodes were used in the work carried out in this thesis, any metal which can be 
milled into an electrode can be tested. A third electrode is used to minimise solvent 
effects such as solution resistance. 
Measurement of reservoir corrosion was also used in this thesis to monitor the 
performance of the candidate ligands as corrosion inhibitors. It is a procedure which 
offers fast results and is extremely user friendly, but it also poses two problems. It is 
only possible to conduct the tests in an aqueous medium, otherwise the corrosion rate 
will remain at zero and also other solvents damage the electrode seal in the 
equipment available. Secondly, the corrosion rate is pH dependent. As a 
consequence, many ligands were disqualified at the outset owing to their insolubilites 
in water, and ligands that are soluble in different pH ranges could not be compared. 
Furthermore, the aluminium electrodes require aggressive (acidic) conditions to 
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achieve a measurable corrosion rate and then it is difficult to know whether the test 
ligand is a poor corrosion inhibitor or if it has become protonated and is no longer 
able to bind to the surface. The majority of the ligands of interest to us have low 
solubilities at low pH. 
A previous study 15  revealed that the addition of aggressive ions, such as NO 3 , 
S042 and Cl-, to the corrosive medium increased the corrosion rate for some ligands. 
This was assumed to be due to the additional ion competing with the ligand for 
surface sites on the metal electrode, thus suppressing the effect of the corrosion 
inhibitor. As a consequence, the pH of the solution could not be adjusted to low p1-I, 
where the best corrosion results are obtained, by the addition of l-1NO 3 , H2SO4 or 
HCI. If the electrodes were precoated with the test ligand and the measurement is 
carried out, as normal, in an aqueous corrosive medium, then these problems could 
be overcome. Results for the corrosion of iron and copper electrodes have been very 
encouraging, 16  correlating with other measures of the strength of surface binding of 
the ligand head groups, but this success could not be transferred to aluminium for the 
reasons outlined above. 
Heifer et al.8 also encountered problems when using the polarisation resistance 
technique for aluminium and were forced to study the repassivation and pitting 
potentials of aluminium via potentiodynamic polarisation curves, achieved via the 
linear sweep voltammetry technique (see §4.2.2). 
4.3.2 Linear Sweep Voltammetry 
Linear sweep voltammetry is a popular electrochemical technique since it is easy to 
perform and it provides quick results, thus it is invariably the first method adopted in 
electrochemical studies. The conventional voltammogram plots current, I, against 
potential, E. The potential of the working electrode is swept from E,, where no 
reduction can occur, to E 2, where electron transfer is rapid. 
For the AJB couple shown in Equation (4.2), with irreversible electrode 
kinetics, initially there will be no current until the applied potential is large enough to 
induce electron transfer, E e. As the potential is swept to increasingly more reducing 
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(negative) potentials, K rcd will increase and the current will rise almost exponentially 
until a maximum known as the peak current, i i,, is reached. 
In the reversible case, a considerable amount of current flows as soon as 
reduction becomes thermodynamically viable, which is the major difference from the 
irreversible case where no current flows until the potential is much more negative 
than E, i.e. an overpotential has to be applied to drive the reduction of A to B. Two 
important points of reversible and irreversible voltammograms are with regards to 
the peak potential and the peak current. The peak potential shifts to more negative 
potentials at faster sweep rates for irreversible reductions whereas in the reversible 
case it is constant and independent of sweep rate. Secondly, the peak current is 
larger for a reversible than for an irreversible couple. 
In this work, it was intended to carry Out Tafel analysis which involves plotting 
log I vs. E to obtain the type of plot shown in Figure 4.1. The main features of this 
plot (regions 1-7) are as follows: 
At less positive potentials, the electrode is rich in electrons. Here oxygen 
reduction occurs. 
This is a type of 'limbo point' known as the corrosion potential. At this point 
there is not sufficient electron density on the electrode to continue to reduce 
oxygen, but neither is the potential low enough to promote oxidation. 
In this region, dissolution of the metal electrode occurs, e.g. Al(0) —* Al(III). 
Current reaches a maximum. If an efficient corrosion inhibitor is present then the 
current will start to decrease as shown by the black line in Figure 4.1. If there is 
no inhibitor present then the current will continuously increase (blue line in 
Figure 4.1). The increase depends on the rate of ion diffusion from the electrode 
which is governed by factors such as temperature and ion concentration. 
At this point the electrode has enough positive potential to attract a corrosion 
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monolayer coverage is achieved. Then the positive ions will start to leave the 
surface. 
Here the rate of dissolution is constant and the electrode (aluminium) surface is 
passivated. This region is known as the potential window. 
The corrosion inhibitor is not stable indefinitely and at this point oxidation of the 
corrosion inhibitor may be occurring. It may represent the breakdown of any of 
the components in solution. 
Figure 4.1 	Typical LSV plot highlighting the processes occurring at each of the 
seven stages. 
An important feature of these plots are the Tafel slopes which are split into 
anodic and cathodic regions and are highlighted in red in Figure 4.1. Both anodic 
and cathodic components contribute significantly to all overpotentials, except in the 
most extreme cases. If the slopes for different ligands are the same, then the 
mechanisms of adsorption are likely to be the same. Examination of Figure 4.1 
highlights the difficulty in determining the effectiveness of a corrosion inhibitor in 
the cathodic region, due to the dominance of oxygen reduction. It is pertinent to 
examine de-aerated against aerated solutions to discover the true performance of the 
corrosion inhibitor in this region. 
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In practise the linear sweep voltammetry technique is based on a three 
electrode system: working, counter and reference. A schematic of the stationary 
electrode employed in the following experiments, along with the necessary 
equipment is shown in Figure 4.2. To ensure a reproducible surface for each 
experiment, the aluminium wire was cleaned with fine grade emery paper and dipped 
in distilled water. The test medium was chosen as aqueous, pH 12 since a relatively 








Figure 4.2 	Schematic representation of the three electrode cell used for linear 
sweep voltammetry. 
Although pH was monitored in this study, other researchers ' 3 ' 7' 18 ' 19 have 
concluded that pitting corrosion is dependent mainly on solution temperature and the 
aggressive and inhibitor ion concentrations, but is independent of pH. One theory for 
this, put forward by Galvele et al. is that pitting operates via an electrochemical 
depassivation mechanism. The depassivation occurs due to local acidification at the 
metal-solution interface based on hydrolysis and transport inside the pits. Pitting is 
not affected by external pH since it is buffered by hydrolysis of Al ions outside the 
Pits. 
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4.3.3 Results of LSV 
The first step in this procedure was to choose an appropriate medium and electrolyte 
system to conduct the LSV experiments in. 0.0IM NaOH solution was chosen 
arbitrarily as the electrolyte. When the potential is swept to more negative values, 






1.OX10 -5  
1.Ox10 
1.OxlO -7 
1. Oxi 08 




Figure 4.3 	LSV plots of Al electrode in a) 0.01 M NaOH solution, b) 0.01 M NaOH + 
0.09 M NaCI electrolyte solution C) 0.01 M NaOH + 0.09 M NCl + 0.001 
M butyl gallate inhibitor solution; scan rate 0.1 V s', at 25.0°C. 
Clearly, the green line in Figure 4.3 shows no corrosion at all. It is vital to choose a 
test medium which is sufficiently aggressive to allow a certain amount of corrosion 
so that the effects of the proposed corrosion inhibitors can be observed. NaCl was 
added to the NaOH solution to provide a medium more susceptible to aluminium 
corrosion. The blue line in Figure 4.3 depicts the effect of corrosion when the 
experiment is conducted in a 10:1 ratio NaC1:NaOH electrolyte solution. 
Now corrosion of the aluminium electrode is observed, but when the potential 
corrosion inhibitor, butyl gallate, 2311 is added at 0.00IM, no significant change in 
the corrosion behaviour is observed. However, the test medium is rather aggressive 
and it is known that the chemical form of organic inhibitors often depends on pH i.e 
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their degree of protonation can influence their adsorbability, solubility or complexing 
capability quite heavily. Consequently, a balance of electrolyte and inhibitor 
concentration was sought where the aluminium electrode undergoes corrosion, but 
not to such an extent that the corrosion inhibitors have no effect and thus cannot be 











Figure 4.4 	LSV plots of the trial-and-error process to determine an appropriate 
corrosive medium for aluminium. Ratios of the components in the 
electrolye solution are varied. O.4M NaOH, 0.1M NaCl 0.35M NaOH, 
0.15M NaCl 0.3M NaOH, 0.2M NaCI 0.25M NaOH, 02:M NaCt 0.2M 
NaOH, 0.3M NaCl 0.15M NaOH, 0,35M NaCI. Scan rate 0.1 V s' at 
25.0°C. 
The series presented in Figure 4.4 reveals the difference in corrosion behaviour 
between O.IM and 0.35M NaCI is not very pronounced. Butyl gallate was added to 
each of the series shown above, but it was difficult to gain any significant response. 














Figure 4.5 	LSV plots of aluminium electrode in a) 0.25M NaOH + 0.25M NaCl 
electrolyte solution, b) 025M NaOH + 025M NaCl + 0.01M butyl gallate 
inhibitor solution; scan rate 0.1 V s 1 at 25.0°C The corrosion inhibitor 
appears to have a very slight effect on the original LSV plot. 
Other researchers have encountered similar difficulties when testing aluminium and 
have reported 8,13  that the best method to assess the tendency of aluminium towards 
pitting corrosion is to measure the pitting potential, E 111 . This is shown in Figure 4.6. 
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Figure 4.6 	LSV plot of aluminium electrode in 0.009 M NaBF4 + 0.002 M NaOH + 
0.006 M butyl gallate inhibitor solution to determine the pitting potential, 
The scan is reversed at the point where the current increases; scan 
rate 0.1 V s-1 at 25.0°C. 
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This experiment was carried out potentiodynarnically using a scan rate of 0.1 V s 
starting in the anodic direction at 250 mV negative of E011-. The scan direction was 
reversed after passing E 11 as shown in Figure 4.6. Effective inhibitors of aluminium 
pitting corrosion were found to show E pit, values positive of 0 mVscE. 
4.3.3.1 Summary 
The purpose of these preliminary experiments was to investigate whether 
electrochemical techniques can be used feasibly to determine corrosion rates of 
aluminium. The presence of a coherent, chemically inert oxide film on aluminium 
and the fact that pitting corrosion is the most common form of attack on aluminium 
means that conventional electrochemical techniques cannot be conveniently applied. 
Attempts were made to bypass these problems by determining E p i t , values 
potentiodynamically, but even this technique is known 20  to be unreliable in an 
absolute sense and is only valuable in a relative sense. As they stand, the techniques 
outlined in this section are no more convenient and are less informative than the 
adsorption isotherm techniques described in §2.3.2. 
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4.4 Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) 
4.4.1 Introduction and Technique 
ICP-AES was used as an analytical technique to support the experiments used in 
determining adsorption isotherms (§2.1.2) It is a technique 21  similar to flame atomic 
absorption spectroscopy (FAAS) but a high energy plasma (partially ionised gas 
obtained by subjecting gas to an electrical discharge) is used to atomise the sample 
rather than a flame. The major difference between the two techniques, which gives 
rise to many experimental advantages is the increased temperature (6000-10 000 K 
cf 1400-1860 K) and stability offered by plasma over flame atomisation. 
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Figure 4.7 	Schematic of plasma showing temperature profile. 
In the argon plasma, which is used for such emission analyses, the major 
conducting species are argon ions and electrons. The argon ions can absorb 
sufficient power from an external source to maintain the high temperature, at a level 
where further ionisation can sustain the plasma indefinitely. The power source 
IRR 
employed here is the inductively coupled plasma which utilises strong radio 
frequency fields through which the argon flows. It is a technique which offers high 
sensitivity and reduces chemical and matrix interferences considerably. Other 
advantages of ICP-AES are: 
it can be applied to a wide range of elements (metallic and non-metallic) with 
excellent limits of detection and multi-elemental analysis can be performed, and 
the high plasma temperature allows measurements of low concentrations of 
elements that form compounds with a high resistance to heat. Such compounds 
are known as refractory compounds e.g. those formed from boron, tungsten, 
uranium. 
The plasma torch shown in Figure 4.8 consists of three concentric tubes, made 
of quartz. An argon pressure of Ca. 30 psi forces the fine argon-sample aerosol into 
the centre of the plasma via the central tube. The second tube contains the main 
argon supply required to sustain the plasma, and the third outer tube carries gas 
which serves as a thermal shield. A water-cooled induction coil which provides the 
radiofrequency power to the plasma surrounds the top end of the torch. A spark from 
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Figure 4.8 	Schematic showing a typical inductively coupled plasma. 
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Sample introduction is via a nebulizer. The instrument used in this project (see 
§4.7.3) uses a Meinhard nebulizer with a cyclonic spray chamber to produce the 
aerosol when aqueous samples are being analysed. For organic solutions, a less 
efficient cross flow nebulizer is used since high concentrations of volatile solvents 
introduced to the apparatus often extinguish the plasma. Thus in this work all of the 
samples dissolved in methanol solutions (see §4.4.2) had to de diluted at least two-
fold. 
4.4.2 Competitive Binding Studies using ICP-AES 
Competitive binding studies were carried out to compare the ligand binding strengths 
of the currently used organosilanes and of the new polyphenol ligands prepared in 
this work. Silane-coated ATH (SF7ES2 provided by Alcan) was stirred in methanol 
to form a control. The test solution also contained the triphenol test ligand, 2.XIV, in 
a quantity equimolar to the silane which had been used for coating the ATH. Figure 
4.9 defines their chemical structures. The coating level was known to be 1% w!w, 
thus every 1 g of the treated ATH can be assumed to contain I / 100 x I I 179.29 x 
1000 = 5.58 x 10.2  mmol of silicon. In the experiment, 12.5 g coated-ATH was 
stirred in 80 ml MeOH thus the maximum amount of Si that could be displaced is 
(12.5 x (5.58 x 102)  x 1000)! 80 mol Si dm 3 = 8.714 ppm. 
Both the control and test mixtures were stirred at RT and samples were 
removed at specified time intervals. The solutions were centrifuged then filtered, in 
the same manner as used for the adsorption isotherm technique, diluted by a factor of 
two and the clear solutions were analysed for their silicon and aluminium contents 
using ICP-AES. The results are displayed in Table 4.1 and in Figure 4.10. 
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H 2N. ,,,,t\,,,,Si(0Et)3 
Figure 4.9 	Chemical structures of 2.XIV (FW = 145.18) and the silane as a coating 
in ATH, SF7ES2 (FW= 179.29). 
Table 4.1 	Results of ICP-AES Si and Al analysis to establish the performance of y- 
aminopropyltriethoxysilane-coated ATH in the presence of a competing 
tiga nd carbamoylmethyl-3,4,5-tnhydroxybenzoate 2.XIV in methanol. 
Time / h Si 	conc. 	/ 	ppm 	at 
212.4 nm 
Al 	conc. / 	ppm 	at 
396.2 nm 
Control Test Control Test 
1 2.244 3.212 1.608 0.902 
3 3.757 4.208 0.741 0.646 
5 4.607 5.668 1.426 0.565 
24 5.103 4.438 0.768 0.782 
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Figure 4.10 	Results of competitive binding studies: a comparison of the Al and Si 
content in MeOH test solution with time. 
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Overall, the Si concentration levels are much higher than the Al concentration levels. 
The results suggest that the Si treated surface is unstable to hydrolysis/methanolysis. 
The Si content in solution in the control experiment increases with time until a 
maximum is reached after approximately 24 hours. When the competing ligand 
(2.XIV) is added to the system, the time needed to reach the maximum Si 
concentration is greatly reduced to 5 hours i.e. the rate of displacement of Si is 
accelerated. This suggests the competing ligand may force the silane ligand into 
solution freeing binding sites on the ATH surface for itself to bind. 
However it is not trivial to interpret the trends displayed in Figure 4.10. The Si 
concentrations after 24 hours in the control experiment (10.21 ppm) and after 5 hours 
in the test experiment (11.34 ppm) exceed the maximum theoretical amount of Si 
displaced (8.714 ppm). This could simply be accounted for by the use of higher 
coating levels by Alcan. 
The Al concentration is lower in the presence of carbamoylmethyl-3,4,5-
trihydroxybenzoate, 2.XIV, suggesting the 'new' ligand may be offering surface 
protection and thus dissolution of ATH is reduced. 
Addition of carbamoylmethyl-3,4,5-trihydroxybenzoate 2.XIV, appears to 
enhance the Si displacement rate. This result is consistent with previous studies 
which strongly indicate that pyrogallol-based ligands possess a high affinity for 
ATH. In conclusion, carbamoylmethyl-3,4,5-trihydroxybenzoate, 2.XIV, has the 
potential to be a suitable replacement for the y-aminopropyltriethoxysilane coating 
on ATH. This technique merits further investigation. 
4.5 Review of the Adsorption Isotherm Technique 
In the early part of the research program, isotherm experiments were conducted over 
a residual ligand concentration range of 6.0 x 10 to 3.0 x 10 mol dm -'. 
Essentially, the shapes of the resulting isotherms can be split into two regions: 
'before' and 'after' the plateau point. Much attention in the previous chapter has been 
focused on the meaningfulness of results in the region after the plateau has been 
reached, due to the high scatter of data points and the unusual shapes that are 
observed. The reliability of data in the earlier part of the curve 
(< 1.0 x 10-3 mol dm 3) has largely been ignored since the shapes observed are 
consistent and unstriking ( a nearly vertical slope, indicating very high affinities of 
the catecholate and gallate ligands for the surface, was observed). However, if we 
are to attempt to assess differences in the binding strengths of the catecholates and 
gallates, this region of the isotherm assumes great importance for these ligands 
uptake onto the surface at very low residual ligand concentration. Consequently, if 
we are to distinguish between the slopes of lines in this region, the initial part of 
adsorption isotherms will need to be examined in detail. Experiments were 
conducted over the concentration range 2.0 x 10 to 1.0 x 10 mol dm 3 . Very low 
absorbance values associated with such dilute ligand solutions present problems in 
such studies. Usually, absorbance values of <0.1 are discarded due to their 
unreliability, but all of the data collected in the very low concentration range 
experiments fell into this category. 
4.5.1 Impurity on ATH 
When attempting to monitor small differences in concentration of ligands which are 
present only in very low concentrations it is important that no other species are 
present in the system which absorb at wavelengths close to those used to monitor 
ligand concentrations. UV/vis spectra were obtained for ATH contacted with 
MeOHIH20 in the absence of ligand and for the solvent alone, as well as the spectra 
of ligand and ATH in MeOl-I/i-1 20 which are collected routinely throughout 
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adsorption isotherm experiments. The UV/vis spectra can be seen in Figure 4.11. 
Close examination of the spectra reveal an impurity on the ATH which complicates 
the low concentration range studies. The contaminant (see spectrum c) absorbs at a 
very similar wavelength (275 nm) to most of the ligands used in this project. Thus 
when very dilute ligand solutions are monitored, the absorbance peak of the 
contaminant will often mask that of the candidate ligand. At higher concentrations 




Figure 4.11 	UV/vis spectra of supernatant solutions after 2 h for a) 1x1U mol dm 
octyl gallate (normal concentration range) + ATH in MeOH/H 20 b) 1x10 4 
mol dm 3 octyl gallate (low concentration range) + ATH in MeOH/H 20 C) 
ATH in MeOH/H20 d) MeOH/H20. 
This impurity may stem from the early stages of the gibbsite production process 
which is illustrated in §1.5. 
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Humic substances 22,23  are present in soil and therefore most probably in the 
bauxite ore. Since these substances are acidic they will be soluble in the Bayer 
liquor and thus a sodium humate material will be formed as well as sodium 
aluminates. Humic substances have been recognised as soil-borne Al-chelating 
agents24 so are obviously potentially good surface ligands and can crystallise out of 
the Bayer solution. 
Since the candidate ligands are phenolic substances and the humic acids are 
believed to contain similar phenolic groups, their UV/vis spectroscopic patterns may 
well be similar and it was therefore assumed their extinction coefficients to be 
approximately equal. From Beer-Lamberts Law (Equation 2.1), the approximate 
concentration of contaminant (by averaging the extinction coefficeint at 10 000) is 
I x 10-5  mol dm 3 . At concentrations of 1 x 1 mol dm -3  (a concentration typical of 
the 'low concentration range' isotherm experiment) there will be a ten-fold excess of 
added ligand over contaminant, whereas in the 'normal concentration range' typical 
ligand concentrations of 3 x 10-3  mol dm 3 are used which means there will be a 
hundred-fold excess of added ligand over contaminant. It becomes more apparent 
why the contaminant will be more influential and have undesirable effects at low as 
opposed to high concentrations. An alternative approach to defining the relative 
strengths of binding of catecholates and gallates on ATFI is described in Chapter 5. 
4.6 Conclusions 
This chapter served to examine alternative techniques for assessing ligand binding 
affinities for ATH in order to devise quicker methods for ranking binding strengths, 
to deal with 'UV/vis silent' ligands and to distinguish between the binding strengths 
of the very strongly binding catechol- and pyrogallol-based ligands. The latter 
problem is compounded by having to measure adsorption isotherms at very low 
residual ligand concentrations when there is a contaminant present on the surface 
which absorbs at a similar wavelength to the candidate ligands. The techniques 
explored in Chapter 4 showed no significant advantages over the adsorption isotherm 
methods presented in Chapter 2. 
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Electrochemistry proved to be problematic for aluminium systems since it 
depends on getting an appropriate aggressive medium and pH. A literature search 
and results of work carried out in our group earlier, did reveal such techniques had a 
low success rate for aluminium but were more successful for investigating the 
processes occurring at copper and iron electrodes. 
The competitive binding studies using ICP-AES suggested carbamoylmethyl-
3,4,5-trihydroxybenzoate, 2.XIV, to be a suitable replacement for 
y-aminopropyltriethoxysilane-coated ATH. Such competitive binding studies 
monitoring the displacement of a Si- or P- containing ligand from the surface by 
ICP-AES could form an attractive alternative to adsorption isotherms, but was not 
further investigated in this project. 
It was concluded that the original adsorption isotherm technique remains the 
most successful and convenient method for dealing with aluminium systems. 
However, modification of the method is required to overcome the obstacles posed at 
the start of this chapter. The following chapter continues the search to find a suitable 
modified adsorption isotherm procedure. 
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4.7 Experimental 
4.7.1 Linear Polarised Resistance 
The experiment was conducted using an AC series 3 electrode projecting probe. The 
procedure for measuring linear polarised resistance is outlined below. 
Preparation of probe 
The aluminium electrodes were detached from the probe, cleaned by rubbing with 
fine grade emery paper, washed in acetone and reattached. 
Preparation of samples 
A small amount of the test ligand was added to distilled water (25 ml) with stirring. 
NaOH (1M) was added dropwise and the pH was monitored until the sample 
dissolved completely. 10% l-lCl was then added dropwise until the first signs of 
re-precipitation occurred. This defines the appropriate pH where dissolution of the 
test ligand occurs in a medium aggressive enough to allow aluminium corrosion. 
Obtaining LPR measurements for reservoir corrosion 
The electrodes were submersed in the aqueous test solution and a Cormon Data 
Collection Unit (DCU) system fitted with a removable memory module with integral 
powerpack (DDM) was attached to record measurements at 5 min intervals. When 
the readings stabilised to a constant value, the DCU was disconnected. 
Obtaining LPR measurementsfbrprecoaled electrodes 
The electrodes were submersed in the aqueous test solution for 30 mins, then washed 
with fresh water and air dryed. They were then placed in the appropriate aqueous 
HC1 corrosive medium and measurements commenced as in step 3a). 
4,) Uploading results to PC 
The DDM was connected to the PC interface. Data Collection Unit (DCU) software 
was loaded to view the data and was saved on to a disc. Graphics Workshop for 
windows was used to manipulate the collected data. 
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4.7.2 Linear Sweep Voltammetry 
All test solutions were prepared with high purity water (Millipore, Milli-RO 15 water 
purification system). The syntheses of the inhibitors used in this section are 
described in §2.7. The pH of each test solution was monitored using a glass 
electrode, connected to an ORION model 410A pH meter, and where necessary was 
adjusted by addition of small amounts of 1.0 M NaOH or 10% HCl aqueous 
solutions. 
Corrosion potentials were measured using a DELL 466DL personal computer 
with General Purpose Electrochemical System (GPES) Version 4.5 software 
connected to an Autolab system containing a PGSTAT potentiostat. 
All measurements were carried out at 25.0°C in 25 ml Metrohm cells of the 
type shown in Figure 4.2. The working electrode was prepared by sealing a piece of 
aluminium wire (99.999% purity) in a glass rod with Araldite leaving an area of 
I mm 2  exposed to the solution. All potentials were measured against a saturated 
calomel electrode, SCE which has a potential of 0.242 V vs NI-IE. in order to 
prevent contamination of the test solution or of the electrode itself, the reference 
electrode was supported inside a salt bride of KOIl solution. The counter electrode 
used was made up of a platinum rod. 
Prior to each experiment, the working electrode was polished manually with 
fine grade emery paper and washed in distilled water. The test solution was degassed 
for 10 mins by bubbling through nitrogen and agitation of the solution was provided 
by a magnetic stirrer. The scan range was from -2.5 V to 2.0 V, at a rate of 0.1 Vs'. 
The current, I, which flows at the working electrode was measured as a function of 
the potential of the working electrode. 
4.7.3 inductively Couples PlasmaAtomic Emission Spectroscopy 
A sealed container containing y-aminopropyltriethoxysilane coated ATH (12.5 g, 
0.7 mmol ligand) was stirred in MeOH (100 ml) at RT. This was used as a control in 
the competitive binding studies. The test solution was made up of the contents of the 
FVI 
control with carbamoylmethyl-3,4,5-trihydroxybenzene, 2.XIV, (0.16 g, 0.7 mmol) 
as the competing ligand. After 1, 2, 5, 24 or 28 h, a 10 ml sample was taken from the 
sealed flasks and put into centrifuge tubes. The tubes were centrifuged at 
10 000 rpm for 10 mins and then filtered through Pasteur pipettes fitted with 
microglass filter paper. The clear, colourless samples were diluted by a factor of 2 
with water and then analysed for their Al and Si content using a Thermo Jarrell Ash 
IRIS inductively coupled plasma atomic emission spectrometer. 
4.7.4 Low Concentration Range Adsorption Isotherms 
This technique was conducted in exactly the same manner and with the same 
equipment as is outlined in §2.7.1, §2.7.2 and §2.7.3 except the stock solution 
concentrations used were much smaller (1 x 10 -4 M cf. 3 x 10 M). Also the 
isotherm data were collected over a residual ligand concentration range of 2 x 10 M 
to 1 x 104  M as opposed to 6 x 10 M to 3 x 10 M. 
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CHAPTER 5 
Azo Dye Competitive Binding Studies 
5.1 Concept 
Although determinations of isotherms have proved to be very useful in identifying 
good head groups for particular types of metal oxide surfaces, they are extremely 
time consuming and therefore limit the throughput in a screening process. Also the 
standard conditions used in Chapters 2 and 3 do not allow us to screen ligands which 
do not have absorption bands in the visible region or the UV region accessible in 
methanol (>190 nm). A simpler method for screening different ligand types, based 
on competitive binding at metal oxide surfaces was considered. This assumes that 
the uptake of ligands at the metal oxide surface is an equilibrium controlled process 
and consequently a good ligand will displace poorer ligands from the surface. If a 
series of ligands with well defined absorption bands in the visible region which show 
a range of strengths of binding to ATH were available these could be used to rank the 
strength of binding of new candidate ligands for ATH in competitive binding studies. 
SO2NH, 	 SO2NH2 
N 	 N 
HO4 
OH 	 OH 
SO2 NH 2 
011 
Figure 5.1 	Chemical structures of monopheriol, catechol and pyrogallol-containing 
polyphenol-azo dye ligands. 
200 
The first part of this chapter describes the attempted synthesis of three azo-
functionalised molecules with head groups for ATH containing different phenol units 
shown in Figure 5.1. 
It was assumed that these monophenol, catechol and pyrogallol-containing 
molecules would show different binding strengths at ATH and would have good 
solubility in methanol-water mixtures. The absorption bands expected in the visible 
spectra of these ligands are likely to have lower intensity than the UV bands of the 
ligands studied in Chapters 2 and 3. Consequently, the number of dilutions needed 
in the analyses will be reduced, reducing error in the determinations (see also 
§2.3.2.4). 
Another advantage of monitoring uptake and release of azo-dye ligands is that 
their visible bands will be well separated from the UV absorbing material which has 
been observed to be released from Superfine ATH under certain conditions 
(see §4.5.1). 
The main body of this chapter looks at the co-adsorption of a particular azo dye 
with some of the test ligands, discussed extensively in Chapter 2, onto ATH. It was 
hoped that this technique would provide a means to rank the ligands in order of their 
binding affinities for the ATH surface. 
Earlier research has shown that adsorbing dyes on solid surfaces,' or by 
incorporating them into inorganic particles, 2 can produce reproducible pigments with 
improved optical and stability properties. These qualities encouraged Winnik el al. 3 
to graft reactive dyes to silica surfaces in the preparation of water-soluble pigments 
for ink-jets. More recent work 4 on the interactions of anionic dyes with alumina-
modified silica particles aimed to produce highly developed nanosize pigments for 
specialised areas like ink-jets and colour panels for flat displays. Their preparation 
and optical characteristics are described. The fact that the dyes can form chemical 
bonds with surface =A1OH groups of the adsorbent, is important; the negatively 
charged dyes are attracted to the positively charged alumina core and then are 
chemisorbed by the formation of an Al lake on the surface. Other studies 5 ' 6 showed 
that when alumina was used as the adsorbent, the dye uptake relied heavily on 
particle morphology, pH at equilibration and the pretreatment of the solids. 
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The available literature confirms that adsorption of dyes onto solid surfaces 
plays an important role in the pigments industry. The azo dyes described in this 
chapter may have a niche in such industries as well as providing a novel technique to 
rank the binding strengths of a range of ligands (whether they be UV active or not) 
onto aluminium (hydr)oxide surfaces. 
5.2 Results and Discussion 
5.2.1 Synthesis of Phenol-azo Dye (5.1) 
This dye proved to be the simplest to synthesise, as is outlined in Figure 5.2. 
OH 
NH2 	 N2Cr 
HCUHO 6  N2 	 N :.,- N —aOH 
NaNO2 	
K2 CO3 I EH 
S02NH2 	 S02NH2 
SO2 N H2 
Figure 5.2 	Direct method for the synthesis of phenol-azo dye, 5.1. 
Sulfanilamide was chosen as the source of the diazonium component to which it 
could be readily converted under standard conditions. When the aryldiazonium salt 
was added to the phenol mixture for the coupling reaction, a vivid dark orange 
solution was produced immediately. No precipitate appeared to be present in the 
reaction mixture until hydrochloric acid was added to the cooled solution, at which 
point a precipitate formed immediately. However, the product had to be 
recrystallised at least twice to gain a satisfactory purity, partly indicated by the 
product's pale orange appearance, as opposed to brown. 
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5.2.2 Synthesis of Catechol-azo Dye (5.11) 
The few examples provided in the literature of coupling an azo linkage onto catechol, 
involve standard coupling agents such as: p-nitroaniline, 7 p-decylaniline 8 and 
p-ethoxyaniline. 8 
Micelle-forming photodestructible surfactants containing an azo-linkage as the 
photolabile group combining an anionic hydrophilic group to a hydrophobic alkyl tail 
are believed to have potential in the paints industry as possible water-borne 
coatings. Furthermore, the chromophoric nature of catechol-azo dyes and the 
bidentate nature of their ortho phenolic hydroxyl groups have brought them to the 
attention of researchers whose primary interests lie in metal complexation studies  
and spectroscopic measurement of cation concentrations. One such group of 
researchers; Haghbeen and Tan' ° aimed to use catechol-azo compounds as 
chromophoric substrates for redox enzymes, but they quickly recognised the 
limitations of the existing methods", 12,11,14  for the synthesis of this class of 
compounds. Their research has focused on the range of side reactions that evidently 
accompany the reaction of a diazonium salt with catechol, providing a most 
comprehensive and valuable source of information on which to base the synthesis of 














Figure 5.3 	Direct coupling method for synthesis of the catechol-azo dye, 5.11. 
In this project the initial approach to the synthesis of the catechol azo dye was 
a two step process, referred to from this point, as the direct method, which is outlined 
in Figure 5.3. 
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The first step in this synthesis is a well-documented diazotisation' 5 reaction. 
The following coupling reaction between catechol and the diazonium salt holds many 
complications. The reaction is dependent on at least three factors: pH (discussed 
later in this section); the nature of the substituents on the aryldiazonium salt and the 
oxidation potentials (or reducing ability) of catechol or its catechol-azo counterpart. 
According to the experimental results collected by Haghbeen and Tan,' ° if the 
substituent on the diazonium ion is an electron-donating group the direct method is 
always unsuccessful. If however an electron-withdrawing substituent is used, the 
direct method is more likely to be successful, as the electron-withdrawing group will 
increase the reactivity of diazonium salts towards coupling. This is the case for 
coupling of a diazonium salt with phenol or 2-methoxyphenol, the protected form of 
catechol (guaiacol), but catechol is a special case. Regardless of the nature of the 
substituent on the aryldiazoriium salt, the yield of catechol-azo product was 
consistently low. This is due to homolytic dediazotisation' 6 (a reaction 
aryldiazoniurn salts are prone to under reducing conditions). The reducing ability 
can be assessed by considering oxidation potentials 17  which show the trend phenol 
(0.60 V) > guaiacol (0.52 V) > catechol (0.42 V). Thus, as catechol is best at 
reducing diazonium salts, it produces the lowest yields of azo product. The presence 
of an electron-withdrawing group on the aryldiazonium salt causing an increase in 
the reactivity of the cliazonium salt still holds true in the catechol coupling reaction, 
but it will also encourage the diazonium salt to accept an electron 18  in homolytic 
dediazotisation. The consequence of this is an ongoing competition between the 
diazonium coupling and reductive dediazotisation reactions. Another factor which 
serves to lower the yield of the catechol-diazo coupling, is that the oxidation 
potential of the catechol-azo product is lower than that of catechol itself. Since the 
product is more easily oxidised, it can dediazotise the diazonium salt and produce 
side products. Despite these limitations, the direct method was attempted. 
Sulfanilamide was again chosen as the source of the diazonium component and 
a deoxygenated solution was injected into a deoxygenated aqueous solution of 
catechol causing the solution to turn almost black. Since catechol is easily oxidised 
to its quinone form, conditions had to be chosen to suppress this reaction as much as 
possible. Oxidation to the quinone is less favourable at low pH, but a high pH is 
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preferred for the coupling reaction. Consequently a compromise pH was sought. 
The optimum pH of between 6 and 7 was established by carrying out a series of 
experiments and was maintained via the addition of 1 M potassium carbonate. This 
method generated the desired azo dye as a brown powder, but in very low yield and 
purity, thus an 'indirect method' was also investigated. 
5.2.2.1 Indirect melhodfor the synthesis of calechol-azo dye. 
This is a three step process closely related to the 'direct method' but the coupling 
reaction is carried out on a protected catechol, guaiacol (2-methoxyphenol), which is 
available commercially. On addition of the diazonium salt to a solution of guaiacol 
in ethanolic aqueous potassium carbonate, a bright orange colour appeared which got 
darker with time. Precipitation was completed by additions of hydrochloric acid and 
the intermediate was collected via filtration as a tan coloured powder. 
The final stage involved the deprotection of the methoxy group using 
anhydrous aluminium chloride 10" 9 and dry pyridine. The pyridine had to be added 
very slowly as on addition of only small amounts a vigorous reaction occurred. This 
deprotection step proved to be the most troublesome, and the desired product was not 
always obtained. 
OH 




N8NO 2 	 Et 
HCl/H 2° 
K2CO,/OH iiIIIII:::j  
SO 2 NH 2 	 SO 2 NH 2 
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ZAICI 
OH 





SO 2 NH 2 
Figure 5.4 	Indirect method for the synthesis of catechol-azo dye. 
205 
An alternative for such demethylation reactions involving the use of expensive boron 
tribromide20 ' 21 ' 22 was tried here to no avail. Haghbeen and Tan' ° found this method 
to work only for electron-donating substituents; it is unsuitable for electron-
withdrawing substituents such as sulfonilamide, thus the A1C1 3 method was adopted 
for further syntheses. 
The catechol-azo dye is insoluble or only partially soluble in most solvents, 
except DMSO, therefore finding the appropriate ethanol/water recrystallisation 
solvent system was time consuming. In order to obtain the desired product in 
acceptable yields, reaction times were varied and also new starting materials were 
used to ensure anhydrous conditions for the demethylation reaction. 
Possibly an aluminium complex of the desired catechol, 5.11, is formed. With 
this in mind, more acid was added in the work-up to protonate the pyridine and any 
phenolate groups and to promote dissolution of aluminium as chloro/aquo 
complexes. The CHN analysis improved dramatically with the increased acid 
additions. The indirect method uses conditions that allow product purification and it 
affords high product yields. 
5.2.3 Synthesis of a Protected Pyrogallol-azo Dye (5.IV) and the 
Attempted Synthesis of Pyrogallol-azo Dye (5.111) 
A preliminary literature search revealed a lack of developed synthetic procedures for 
the desired types of azo-substituted pyrogallol compounds. Both the direct and 
indirect methods used for the catechol dye were tried repeatedly, but the pyrogallol 
azo dye, 5.111 could not be obtained in satisfactory purity. Its even lower oxidation 
potential than catechol's means its ability to reduce diazonium salts and hence 
promote the dediazotisation reaction is greater than any of the other (poly)phenols. 
The direct coupling route to pyrogallol-azo dye is unlikely to succeed. Figure 5.5 
depicts the preparative route attempted to produce the pyrogallol-azo dye (5.111). 
The most successful modification of the coupling reaction was to eliminate the 
use of K2CO3 (previously used to ensure an optimum p11 of —6 for the catechol-azo 
coupling reaction). The pH can be increased to augment the reactivity of the 
pyrogallol-azo coupling reaction. 
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The protected pyrogallol (3,5-dimethoxyphenol) was dissolved in ethanol and a 
few drops of sodium hydroxide were added to increase the pH to 9. On addition of a 
small amount of the aryldiazomum salt, the solution immediately turned deep orange 
in colour, becoming darker and darker with further additions of the aryldiazonium 
salt. When all was added the final pH was recorded as 1. Hydrochloric acid was 
dropped into the flask to aid precipitation. The precipitate needed at least twelve 
hours to form. 
The deprotection step was attempted in the same manner as for the catechol 
synthesis to produce a dark brown powder, which became deeper red on further 
recrystallisations from ethanol/water. However, characterisation of this product by 
NMR showed the persistence of a signal for the methyl groups revealing that the 
deprotection step had been unsuccessful. CIIN results also suggested the presence of 
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Figure 5.5 	Indirect method for the syntheses of the protected pyrogallol-azo 
dye, 53V and pyrogallol-azo dye, 5.111. 
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5.2.4 Characterisation Results 
In this work, it is essential to use high purity materials in order to be certain that 
surface modifications are not being affected by minor components in the mixture. 
Owing to the strong characteristic electronic properties of the ligands examined here, 
their UV/vis spectra were run to determine Xmax and their extinction coefficients. 
The data are shown in Table 5.1. The results obtained in this work are in good 
agreement with the available literature data. 
Table 5.1 	Comparison of experimental and literature 10 electronic spectra of the dyes 
synthesised in this work. 
Azo dye X max/ nm e 
Experimental Literature data 1° Experimental Literature data 1° 
Phenol-azo 361 359 26814 30510 
Protected 
catechol-azo 
376 378 20605 20120 
Catechol-azo 382 381 18182 15730 
Protected 
pyrogallol-azo 
390 No data 
available 
12929 No data 
available 
'H NMIR analysis was used as the prime indicator of purity of the samples and was 
examined carefully to ensure that a single material was present. Concern arose over 
the fact that other workers' ° have reported multicomponents in their NMR analysis 
of their azo dye products. Repeated recrystallisations were carried out in this work to 
gain pure samples. 
The NMR's shown in Figure 5.6 highlight the high purity of the dye products 
which is essential for use in the following adsorption isotherm experiments. They 
can also be used as 'before' and 'after' NIMR's for the demethylation reaction, as they 
highlight the success of this deprotection step by the absence of a signal at 6 4.0 ppm 
for the methyl group in the second NMIR. 
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9.0 	 8.0 	 7:0 	 6:0 	 5:0 	 4.0 	 3.0 	 2.0 	 tO 
PPM 
9.0 	 8.0 	 7.0 	 6.0 	 5.0 	 4.0 	 3.0 	 2.0 	 1.0 
PPM 
Figure 5.6 	NMR spectra for the protected and unprotected catechol-azo dye, 5.11, 
respectively. The absence of the methyl peak at ö 4.0 ppm indicates the 
success of the demethylation reaction. 
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5.2.5 Isotherm Results for Azo Dyes 
Figures 5.7, 5.8 and 5.9 depict the adsorption isotherms for the azo derivatives of 
catechol (5.11), 1,3-dimethoxyphenol (5.IV) and phenol (5.1), respectively. Each 
isotherm shows progressively weaker binding to the ATH surface as well as 
exhibiting lower surface coverage. 
The adsorption isotherm for catechol-azo dye (5.11), unsurprisingly, reflects the 
strong binding of the catechol head group to the ATH surface with a high surface 
coverage. The rapid, linear increase of adsorbed ligand with increasing residual 
ligand confirms the high affinity which catechol possesses for ATH. This appears to 
start levelling off at 1.4 x 10 -5 mol g 1 where the start of a plateau region is suggested. 
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Residual ligand concentration I mol dm 3 
Figure 5.7 Adsorption isotherm for catechol-azo dye, 5.11. 
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The isotherm for the protected form of the pyrogallol-azo dye (5.1V) is depicted in 
Figure 5.8. It has a much lower affinity for the aluminium hydroxide surface than 
the catechol dye. Also a lower surface coverage is implied by the start of an apparent 
plateau region at < 1.0 x 10 mol g 1 . An additional feature of this isotherm is the 
step-like pattern it exhibits. This is usually indicative of multilayering where the 
ligand is chemisorbed onto the surface initially, but secondary interactions, such as 
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Figure 5.8 Adsorption isotherm for dimethoxy protected pyrogallol-azo dye, 5.IV. 
The isotherm for phenol-azo dye, presented in Figure 5.9, is again similar to 
what was predicted. Phenol, possessing only one possible donor group, is not 
expected to show strong binding' 1 2324 and this is reflected in the scattering of data 
points at low residual ligand concentration and by the very gradual initial slope. An 
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Figure 5.9 Adsorpton isotherm for phenol-azo dye, 5.1 
A strong, intermediate and weak strength ligand for ATH binding, represented by 
catechol-azo (5.11), dimethoxyphenol-azo (5.IV) and phenol-azo (5.1) respectively 
have been obtained. These offer a good starting point for use in competitive binding 
studies. 
5.3 Proposed Ideas for Competitive Binding Studies 
The ability of a series of candidate ligands to compete with the azo dye for surface 
sites, when co-adsorbed from methanol/water onto the ATH surface was examined 
by determining co-adsorption experiments. 
The competitive binding of phenols at aluminium oxides has been studied by 
other researchers. Some of them have used methods such as water contact angles 25 
to ascertain the resulting surface concentrations, as opposed to the use of adsorption 
isotherms via UV/vis spectroscopy that is utilised in this work. The water contact 
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angle method revealed that the relative binding of phenol onto aluminium oxide 
surfaces is directly related to the acidity of the phenol group in each molecule with 
more acidic groups exhibiting stronger binding. Also, the binding of meta and para 
substituted phenols is influenced solely by pK a, whereas ortho substitution causes 
steric hindrance. These findings were sufficient to contribute towards ideas for the 
design of phenol-containing adhesives. 
The widespread existence of phenolic compounds in soil matrices and 
groundwater environments, 26 and their role in the leaching of organic pollutants 
through soils into aquifers, has prompted the investigation of the chemisorption of 
catechols on alumina surfaces. McBride and Wesselink elucidated 27 a possible 
mechanism for the binding of phenolic compounds on aluminium oxides by studying 
their sorption behaviour in the presence of competing adsorbates. They 
demonstrated that, even in the presence of a large excess of chloride, catechol 
continued to exhibit a high degree of adsorption for the alumina surface. Phosphate 
competed effectively with catechol as an adsorbate, but acetate did not. FTIR 
results27 showed that the catechol bound on the surface has a similar structure to that 
of catechol chelated by A1 3 suggesting the formation of a 1:1 bidentate complex 
with surface aluminium. The study also revealed that adsorption is attributed to 
A1OH groups on 'edge' faces of the crystalline oxides; the dominant crystal faces are 
unreactive towards catechol. 
Co-adsorption experiments are recognised in the literature as a successful 
means to study the adsorption of phenol and catechol type compounds onto alumina 
surfaces. Hopefully, a similar procedure can be manipulated to improve and expand 
the adsorption isotherm methods used previously in this work, and can offer a system 
for ranking the test ligands (see §5.3.1 and 5.4). 
5.3.1 Procedure for Co-adsorption Experiments 
In ideal systems, the co-adsorption of two species, X and Y, from solution onto a 
surface 28  is ruled by the following equation. 
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Xsur 	+ 
Equation 5.2 provides the equilibrium constant where [X sur] and [XsoI]  are the mole 
fractions of X on the surface and in solution respectively. 
If this is simplified to give Equation 5.3, then a single quantitative value for K can be 
determined where K varies as a function of the mole fractions [X] and [Y]. 
Thus it is necessary to measure the relative concentrations of X and Y on the ATH 
surface after co-adsorption from a solution of known concentration to calculate K. 
The following section defines a technique which can determine the equilibrium 
constant. 
5.3.2 Technique 
The experiment is identical to that for adsorption isotherms described previously, in 
§2.7, but competing ligands of quantities corresponding approximately to the highest 
molar concentration of azo dye used in the isotherm are added. 
A fixed amount of the competing ligand was added to azo dye solutions of 
different concentrations in a methanol/water solution along with a known amount of 
ATH. The samples were equilibrated in a water bath adjusted to a constant 
temperature of 25°C, while continuous shaking was carried out to ensure a 
homogeneous suspension. After two hours, the samples were separated by 
centrifugation, filtered to ensure the complete removal of solid particles and the dye 
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concentration in the supernatant solution was determined spectrophotometrically. 
(See Figure 5.10). The amount of dye adsorbed was then calculated from the 
difference of the original concentration and that found in the solution following 






Figure 5.10 	UV-vis spectrum of 4.79 x 10"M catechol-azo dye in a methanol:water 
(95:5) solvent system. The peak at 382 nm (3) was chosen to monitor its 
absorbance behaviour. 
A good early indication of how the candidate ligand has performed in the 
experiment is provided by the colour of the ATH and of the supernatant solution 
after centrifugation. A strong competitor binds preferentially to the ATH surface 
over the azo ligand, resulting in a lower concentration of dye on the surface and 
therefore hardly any colour change of the ATH is observed and the supernatant 
remains intensely coloured. The reverse is true of a poor competitor. Variations in 
colour densities are clearly observed by eye with the varying concentration ratios of 
azo dye versus competing ligand. 
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5.3.3 Results of Isotherm Determinations 
A range of candidate ligands were included in the competitive binding experiments. 
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Figure 5.11 	Chemical structures of candidate ligands examined in the competitive 
binding studies. 
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The candidate ligands used were: butyl gallate (2.11), hexyl gallate (2-IV), octyl 
gallate (2.V1), octyl gallamide (2.XII), 2,3,4-trihydroxyphenyl-octyl ketone (3-IV), 
2,3,4-trihydroxyphenyl-dodecyl ketone (3.V), 3-(4-methylbenzoyl)-propionic acid 
(5.V), benzylphosphonic acid (5-VI), (3-phosphonomethyl-benzyl)phosphonic acid 
(5. VII), (3-oxo-3-p-tolyl-propyl)phosphonic acid (5.VIII), hexyl-4-hydroxybenzoate 
(3.111), hexyl-3 -methyl-4-hydroxybenzoate (3.11) and hexyl-3 ,4-dihydroxybenzoate 
(3.!). 
The validity of the experiment was first confirmed by examining the 
competition between a ligand known to bind strongly to ATH, octyl gallate, 2.V and 
one, 3-(4-methylbenzoyl)-propionic acid, 5.V, known 29 to bind weakly to ATH. 
5.3.3.1 Catechol-azo dye vs. strong and weak alumina surface ligands 
Figure 5.12 depicts the competition between catechol-azo dye (5.11) with octyl 
gallate (2.V1) and with 3-(4-methylbenzoyl)-propionic acid, 5.V. 
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Figure 5.12 	Adsorption isotherms of caiecnoi-azo aye (5.11), catechol-azo dye + 5.V, 
catechol-azo dye + octyl galtate (2.Vl). 
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The isotherm for catechol-azo dye alone (magenta data) indicates, as expected, a 
high affinity of the dye for the ATH surface. However, when octyl gallate (2.VI) is 
added (pink data) as a competing ligand for the surface at low residual ligand 
concentration < 5.0 x 1 0 mol dm 3 only the gallate is adsorbed and catechol is all 
detected in the solution phase. Only when the residual concentration of catechol-azo 
is greater than 5.0 x 10 mol dm 3 do we see any marked displacement of gallate 
from the surface. In the past, an isotherm which resembled the shape of the F12 or L2 
classification (see Figure 2.2) most closely, was interpreted as being a good surface 
ligand. This shape is adopted by the catechol-azo dye in Figure 5.12 confirming the 
suitability of this headgroup for the surface. But now, since the experiment is 
conducted at a wavelength which the catechol-azo dye absorbs at, a better surface 
ligand will produce an isotherm which is very different to that of the isotherm of the 
original dye. The reverse situation is true where a 'good' ligand is represented by an 
isotherm with a gradual slope and a lower surface coverage. Thus, the data for octyl 
gallate implies that the ligand has preferentially bound to the ATH surface over the 
catechol-azo dye. This information is particularly important since, in Chapter 3, 
where only ordinary adsorption isotherms were being conducted, distinctions could 
not be made between the relative binding affinities of closely related ligands like 
catechol and pyrogallol which both bind very strongly. The work carried out here 
offers a method that can distinguish between structurally similar strong binding 
ligands and offers a means by which to rank the candidate ligands into an order of 
preference for the ATE surface. 
As further proof of the procedure, 3-(4-methylbenzoyl)-propionic acid (5.V), a 
ligand containing carboxyl functionality (see Figure 5.11) known to have a lower 
affinity for the ATH surface than hydroxyl containing ligands, was added as a 
competitor against the catechol-azo dye (cyan data, Figure 5.12). The difference in 
the isotherm from that of the original catechol-azo dye is now not so pronounced, 
confirming that 3-(4-methylbenzoyl)-propionic acid is not as good a candidate as an 
aluminium hydroxide surface ligand as catechol-based systems. 
The experiment confirms that the co-adsorption isotherm procedure is of 
considerable importance in relative binding strength determinations especially in 
assessing the strengths of similar ligands. The initial experimental results 
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complement work that has been done previously in this thesis and by other workers 
in the group and also portray what one would intuitively expect, hence the technique 
was adopted for further studies. 
5.3.3.2 catechol-azo dye vs. ligands with varying numbers ofphenolic groups 
This experiment focuses on the effects of competitors with one, two or three 
hydroxyl groups in the head group. 
0 	C6H 13 
LJ 
OH OH 
Figure 5.13 	Structure of competing ligands used in competitive binding studies 
against catechol-azo dye: hexyl-4-hydroxybenzoate (3.111), hexyl-3,4- 
dihydroxybenzoate (3.1) and hexyl gallate (2.IV) respectively. 
Their isotherms are laid out in Figure 5.14. Again, the co-adsorption isotherm results 
agree with what we had anticipated; based on the results presented in Chapter 2 and 
on the modelling strategy used in Chapter 3. 
The most effective competitor will be that which depresses the isotherm of the 
catechol-azo dye, (5.1) (magenta data) most significantly. With this knowledge, on 
first inspection of Figure 5.14, it is easy to conclude that hexyl gallate, (2.V1) (pink 
data) has the most effect on the binding of catechol-azo dye to ATH, with hexyl-4-
hydroxybenzoate, (3.111) (green data) having very little effect. Hexyl-3,4-
dihydroxybenzoate, (3.1) (yellow data) offers a comparable competition to octyl 
gallate. This may seem obvious: three hydroxyl groups bind more strongly than two, 
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which in turn bind more strongly than one, but the results in Chapter 2 caused us to 
question the 'straight forwardness' of this statement, since di-and trihydroxy 
headgroups seemed to bind equally well. Also, in this case, the headgroup of the 
competing ligand and that of the dye are equivalent hence the surface coverage for 
the competing system (yellow data) should be approximately 50% of the surface 
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Figure 5.14 	Adsorption isotherms for: catechoI-zo dye (5.1), catechol-azo dye + 
hexyL4•hydroxyherizoate (3.111), catechol-azo dye + hexyl gallate (2.IV), 
Both the catechol and pyrogallol ligands induce a considerable reduction in the 
surface coverage of the dye onto ATH, suggesting a high percentage of the surface 
sites are occupied by the competing ligands. 
A conclusion to be drawn at this point is that both catechol and pyrogallol 
ligands are extremely good surface ligands, but pyrogallol has the edge over 
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catechol. Phenol ligands with a single OH group are unquestionably inferior surface 
ligands for ATH. 
5.3.3.3 Calechol-azo dye vs. phenol-azo dye 
To complete the study and to confirm the poor ligating properties of the 
monophenolic headgroup, the competition between hexyl-4-hydroxybenzoate (3.111) 
and the catechol-azo dye (5.11) or the phenol-azo dye (5.1) was investigated. The 
adsorption isotherms are illustrated in Figure 5.15. 
In the presence of the catechol-azo dye, little adsorption of 
hexyl-4-hydroxybenzoate, (3.1) occurred as demonstrated by the similarity of the 
isotherm (green data) to that of catechol-azo dye alone (magenta data). Perhaps this 
is not an entirely equal competition since the headgroup of the dye contains two 
hydroxyl units, while the headgroup of the test ligand possesses only one. To ensure 
'fairness', a dye was synthesised with only one hydroxyl unit in the headgroup, (5.1). 
In keeping with monophenols being very weak ATH surface ligands, the isotherm of 
phenol-azo dye is quite flat (see also Figure 5.9) and there is some evidence, as 
expected if both absorb comparably, for a slight depression of the phenol-azo dye 
isotherm on addition of hexyl-4-hydroxybenzoate (3.111) at lower residual 
concentrations (< 5.0 x 104  mol dm'). 
The liberal amount of scatter and extremely low gradient of this isotherm (red 
data) confirms the inferior quality of phenol type ligands as surface candidates for 
alumina. The isotherm for the competition with hexyl-4-hydroxybenzoate, 3.1 (blue 
data) further suggests poor binding of phenols to alumina with its highest measured 
adsorption reaching only 5 x 10 -6 mol g1 . The test ligand does not affect the binding 
of the phenol-azo dye in any significant way. 
Since phenol cannot compete with catechol and pyrogallol as a surface ligand 
for ATH, the phenol-azo dye will be reserved for comparing only ligands with 
relatively low binding affinities for ATH, such as monophenols and 
3-(4-methylbenzoyl)-propionic acid. 
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Figure 5.15 Adsorption isotherms for: catechol-azo dye (5.11), catecho!-azo dye + 
hexyl•4-hydroxybenzoate (3.111), phenol-azo dye (5.1), phenol-azo dye + 
hexyl-4-hydroxybenzoate (3.1). 
5.3.3.4 Protected pyrogallol-azo dye vs. catechol and pyrogallol-containing ligands 
To complete this section, all that remains to do, is to monitor the effects of the 
protected pyrogallol-azo dye which accommodates only one hydroxy headgroup. Its 
isotherm in Figure 5.8 shows its binding strength to be better than phenol's, probably 
due to the presence of the methoxy groups in the 3 and 5 positons on the aromatic 
ring. The protected pyrogallol-azo dye (5JV) has an intermediate adsorption 
capacity for ATH with an adsorption maximum of approximately I x I O mol g' 
according to its isotherm (dark blue data in Figure 5.8). This value should be 
compared with the adsorption maximum for catechol-azo dye of 2 x iO mol g 1 . 
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The isotherm data for the protected pyrogallol-azo dye was used to compare its 
ability to bind to AIR surfaces in the presence of catechol- and pyrogallol-
containing ligands. 
When a dihydroxy head group containing ligand, such as hexyl-3,4-
dihydroxybenzoate, was added in co-adsorption with this dye, then the uptake of dye 
onto ATH was almost undetectable. The same was true for co-adsorption with octyl 
gallate. The isotherms for these tests are not included here since the results produced 
highly scattered data points around an adsorbed dye value of 0 mol g'. This pattern 
is consistent with that of extremely poor adsorption from solution onto metal oxide 
surfaces. 
The 'free' pyrogallol-azo dye could not be synthesised, therefore no isotherm 
data can be presented. This does not pose too large a problem, since the information 
required from these studies has been satisfied via use of the other azo-dyes. A 
ranking order of their binding affinities for ATH has been established. This will be 
investigated further in the following section. 
5.4 'One Point' Isotherms 
Continuing the theme of obtaining a ranking order for the binding strengths of the 
ligands, but also to reduce the length of time needed to carry out the procedure, one 
point isotherms were investigated. 
In brief, this essentially adheres to the experimental protocol for the normal 
adsorption isotherm experiment, but the study is conducted at a fixed residual 
concentration of catechol-azo dye, thus a full scan of the substance is not carried out 
and only numerical values (as opposed to a pictorial representation) are obtained. 
Again, it is a wavelength at which the dye adsorbs which is monitored, not the 
ligand, thus the experiments reveal the dye's performance. In other words, the uptake 
of the dye onto the ATH surface is measured. 
The residual dye concentration point on the isotherm that was chosen to run the 
test at, corresponds to near saturation level of the dye onto ATH. The region where 
the increasing initial gradient levels off into the plateau region is also an area in 
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isotherms where the experimental error is minimal, therefore ideal for this 'one point' 
experiment. 
Finally, all 'one point' isotherms were carried out in duplicate, sometimes  up to 
five times, and the average results are reported in the following tables. 
5.4.1 Isotherm Results and Discussion 
The first 'one point' isotherms aimed to rank ligands accommodating a trihydroxyl 
unit. Previously, due to their extremely high affinity for the ATH surface it was 
impossible to distinguish between these ligands. 
Distinctions can now be made between the ligands' binding strengths using the 
'one point' isotherm data in Table 5.1. It is observed that all of the ligands perform 
extremely well, since the amount of dye adsorbed on the ATH surface drops from 
11.8 x 10 mol g 1 to 3.86 x 10 mol g- ' in the best case of butyl gallate. A 
scientifically feasible pattern emerges where each class of compound falls into its 
own category. Although the gallate esters (2.1-2.X) show exceptional surface 
binding results, they are possibly exceeded slightly by their keto derivatives (3.IV-
3.VI), which in turn are possibly bettered by the gallamide derivatives (2.XI-2.XIII). 
Table 5.2 	Ranking order of trihydroxy based ligands according to their affinity for the 




Amount dye adsorbed 
per 1 g ATH x10 6 mol 
n-Butyl gallate 	(2.11) 3.86 ± 0.20 
n-Hexyl gallate 	(2.IV) 3.41 ± 0.10 
n-Octyl gallate 	(2.V1) 2.90 ± 0.10 
2,3,4-trihydroxyphenyl-octyl ketone 	(3.IV) 2.67 ± 0.50 
2,3,4-t6hydroxyphenyl-dodecyl ketone 	(3.V) 2.09 ± 0.20 
n-Octyl gallamide 	(2.Xl1) 1.20 ± 0.18 
In absence of added liqand, amount dye adsorbed 	11 . 
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The next set of co-adsorption experiments was set up to investigate the 
competiton between ligands containing head groups other than polyphenols. Three 
phosphonate type ligands, and the carboxylate containing ligand, depicted in Figure 
5,11 were chosen. The data confirm the poor affinity of 3-(4-methylbenzoyl)-
propionic acid for ATH. Contrarily it highlights the success of phosphonates for this 
surface (see Table 5.3). These ligands featured in a large part of the work carried out 
by D. Henderson 30  where their full adsorption isotherms were produced. 
Table 5.3 	Ranking order of 'other' ligands. 
Competing ligand Amount dye adsorbed 
per 1 g ATH x10 6 mol 
3-(4-Methylbenzoyl)-propionic acid (5.V) 9.90 ± 0.15 
Benzyl phosphonic acid (5.VI) 1.97 ± 0.10 
(3-Phosphonomethyl-benzyl) phosphonic 1.41 ± 0.26 
acid (5.Vll) 
(3-Oxo-3-p-tolyl-propyl) phosphonic acid 1.20 ± 0.33 
(5.VIll) 
In absence of added ligand, amount dye adsorbed = 11.8 
The final competition involves a variety of headgroups, but all contain a hexyl 
alkyl chain tail group. This was conducted in order to investigate the effect of 
varying the number of hydroxyl groups in the ligands headgroup, and to reinforce the 
data collected in § 5.3.3.2. 
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Table 5.4 	Ranking order of ligands with varying numbers of hydroxyl groups in the 
headgroup component. Hexyl-4-hydroxybenzoate offers the poorest surface 
binding to ATH, with hexyl gallate providing the best. 
Competing ligand Amount dye adsorbed 
per 1 gATHxlci6 moI 
n-Hexyl-4-hydroxybenzoate 	(3.111) 11.5 ± 0.15 
n-Hexyl-3,4-dihydroxybenzoate 	(3.1) 4.60 ± 0.17 
n-Hexyl-3-methyl-4,5-dihydroxybenzoate 	(3.11) 3.88 ± 0.12 
n-Hexyl gaUate 	(2.IV) 3.41 ± 0.10 
n absence of added ilgand, amount dye adsorbed = 11.8 
5.5 Review of Molecular Modelling Results 
At this point, it is appropriate to re-visit some of the points brought up in the 
molecular modelling in Chapter 3 since additional experimental data has been 
gathered which can possibly consolidate the theoretical studies. 
The results presented above advance the isotherm data collected in Chapters 2 
and 3 and now distinctions in binding strengths can be made between catechol- and 
pyrogallol-headgroups. The original hypothesis that three bonds will bind stronger 
than two, does now seem to be the case. The modelling work conducted in Chapter 3 
was revisited in an attempt to explain this 'new' result. The model for hexyl gallate 
docking, shown in Figure 5.16, was re-examined. 
Now it seems obvious to shift the emphasis from maximising the number of 
coordinate bonds (as was done in Chapter 3) to the importance 
of having underlying coordinate binding supplemented by hydrogen bonding. In 
other words, it is not just surface metal sites that are relied on for binding, but we can 
rely explicitly on surface hydroxyl sites, S--OH. 
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The third hydroxyl group in hexyl gallate offers this capacity for additional 
hydrogen-bonding. We find that the non-coordinating OH group provides 
stabilisation by hydrogen bonding, O—H ... 0. Figure 3.33 depicts how the extra OH 
- - 	group has formed a hydrogen 
bond with the surface as well as 
an intramolecular hydrogen 
bond. Four Al­--O coordinate 
bonds, per ligand, are formed 
with the surface, but the 
enhanced secondary interactions 
certainly contributes towards the 
pyrogallol headgroup being a 
stronger candidate for ATH 
binding over catechol 
Figure 5.16 	Docking of hexyl gallate (2.IV) 	headgroups. 
onto the {O 0 2} gibbsite surface. 
Other workers 3 ' have constructed models which show the importance of 
secondary interactions for enhancing surface binding. This was discussed in §3.2.1. 
5.6 Conclusions 
The ambiguities that arose in Chapters 2 and 3 over interpretation of the collected 
isotherm data have now been clarified. At this point, by carrying out competitive 
binding studies and using the 'one point' isotherm technique, a ranking order of all of 
the candidate ligands in this work has been produced. It can be concluded that 
3,4,5-trihydroxybenzene–containing headgroups bind to ATM more strongly than 
4,5-dihydroxy headgroups. Monophenols show a poor affinity for the ATH surface. 




In addition, this technique can provide the same information as the adsorption 
isotherms did in Chapter 2, but the experimental time is reduced considerably. This 
method also offers a means to assess ligands that are not UV-active, therefore 
broadening the range of ligands able to be assessed. 
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5.7 Experimental Details 
5.7.1 Co-adsorption Isotherms 
A 3 x 10-3  M stock solution (referred to as Stock 1) of the appropriate azo dye in the 
usual solvent system of methanol:water (95:5) was prepared. From this two further 
stock solutions were prepared by carrying out the appropriate dilutions. Stock 2 was 
made to a concentration of 6 x I M and the final stock (referred to as Stock cal.) 
was 1.2 x 10 -4 M. This was used to run the calibration experiment described in 
§2.7.2. (N.B: No competing ligand is added at this point.). Stocks 1 and 2 were then 
diluted as laid out in Table 5.4 using a Rainin automatic pipette and the procedure 
described in §2.7.3 was followed. Vadd  refers to the amount of neat stock solution 
added to the test tube, is the amount of solvent required for dilution and Vcomp 
represents the amount of competing ligand. This corresponds to the highest molar 
concentration of azo dye used in the isotherm, i.e. 3 x 10-3  M, therefore to ensure a 
final competitor concentration of 3 x iO M, the competitor stock solution must be 
Ca. 3 x 10 2M 
Table 5.5 	An example of volumes used to prepare solutions for co-adsorption 
adsorption isotherm experiments 
Stock scm. Sample *MA/ g V0dd/ ml Vcomp/ ml V/ ml 
Stock 2 
6x10M 
1 -0.4 2.00 1.00 7.00 
2 4.00 1.00 5.00 
3 6.00 1.00 3.00 
4 8.00 1.00 1.00 
5 U 9.00 1.00 0 
Stock I 
3x10 3 M 
6 -0.4 2.00 1,00 7.00 
7 4.00 1.00 5.00 
8 6.00 1.00 3.00 
9 8.00 1.00 1.00 
10 9.00 1.00 0 
* MATH is the mass of ATH (superfine grade) taken. 
229 
5.7.2 Synthesis of Phenol-Azo Dye 
4- L(4-Hydrox'pheny1)azoJ benzenesu Ifonam ide, C 1 2H 11 N303S, 5.1, was prepared 
in the following manner. Sulfanilamide (1.72 g, 0.01 mol) was dissolved in 
hydrochloric acid (5 ml) and water (20 ml). The resultant solution was cooled to 0°C 
then sodium nitrite (0.84 g in 5 ml H20) was added dropwise over 5 mins. The 
solution was left to stir for 40 min at 0°C to complete the diazotisation reaction. 
Phenol (0.94 g, 0.01 mol) was dissolved in sodium hydroxide solution (4.0 g in 
20 ml H20) and cooled to 0°C. The aryldiazonium salt was added slowly to the 
phenol solution and the resultant dark red solution was stirred at 0°C for 1 hour. 
20% HC1 (-50 ml) was added dropwise. The resulting precipitate was filtered to 
produce a rust coloured solid, which on recrystallisation from EtOI-1/H 20 produced 
the required phenol-azo dye (5.1) in the form of a pale orange powder. (2.71 g, 98%); 
m.p. 252°C (lit., 254-256°C); Found: C, 51.21; H, 4.09; N,14.70%. C 12H 11N303S 
requires: C, 51.98; H, 4.00; N, 15.15%. 81 (CD 3COCH3) 6.75 (s, 2H, NH2), 7.06 
(dd, 211, H-3), 8.00 (rn, 6H, H-i, H-2, H-4), 9.33 (s, 1H, OH); JR (KBr disc): 3246 
brst, 1593md, 1524md, 1325md, 1152st, 1098 md,706wk. 
5.7.3 Attempted Synthesis of Catechol-Azo Dye (Direct Method) 
4-II(3,4-Dihydroxyphenyl)azo] benzenesu Ifonam ide, C 12H 11 N304S, 5.11. 	A 
solution of the diazonium derivative of sulfanilamide was prepared on the same scale 
and following the method outlined above (5.5.2). The pale yellow solution was 
deoxygenated by bubbling through nitrogen while stirring for 40 min and was then 
injected into a deoxygenated aqueous solution of catechol (1.1 g, 0.01 mo 1 in 10 ml 
1120) under nitrogen and at 0°C to produce a deep red solution containing a dark 
material. The pH of the solution was kept between 6 and 7 by the addition of K 2CO3 
(1M). This was stirred for 30 min under N 2 to leave a dark brown powder. (5.11) 
(2.12 g, 72%); m.p. 220°C (lit., 241-243°C); Found: C, 43.11; H, 3.59; N, 11.33%. 
C 12H 11 N304S requires: C, 49.14; H, 3.78; N, 14.33%. 6H (CD 3COCH3) 5.32 (br s, 
OH-6, OH-7), 6.99 (d, 1H, H-5), 7.48 (t, IH, H-3), 7.99 (m, 411, H-I, H-2); IR (KBr 
disc): 3284 br st, 1597 St. 1521 md, 1328 st, 1278 st, 1154 st, 706 md. 
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5.7.4 Synthesis of Catechot-Azo Dye via protected catechol azo dye 
(Indirect Method) 
4- I(4-H'd roxy-3-m ethoxy phenyl)azol benzenesutfonamide, C 13H 1 3N304S, 5.IIb. 
The diazonium derivative was prepared in the same manner and on the same scale as 
described in § 5.5.2. 
Guaiacol, the mono-methoxy protected form of catechol, (1.24 g, 0.01 mol) in 
ethanol (15 ml) was added to an aqueous solution of K 2CO3 (1.4 g in 50 ml H20). 
This was cooled to 0°C and placed under a nitrogen atmosphere to allow the 
diazonium salt to be added slowly. The resulting bright orange mixture was left to 
stir for 40 mins. 10% Hydrochloric acid (30 ml) was added to ensure complete 
precipitation, then the mixture was filtered to leave an orange-brown coloured 
powder. After recrystallisation from EtOHJH20 an orange powder was obtained. 
(5.11b) (11.10 g, 60%); m.p. 210°C; Found: C, 50.78; H, 4.23; N, 13.60%. 
C 13H 13N304S requires: C, 50.81; H, 4.26; N, 13.67%. 6H (CD 3COCI-13) 3.97 (s, 311, 
CH3), 6.76 (s, 2H, N}12), 7.07 (d, IH, H-5), 7.62 (m, 211, H-4, 11-3), 8.04 (m, 4H, H-
1, 11-2), 8.64 (s, 1H, OH); IR (KBr disc): 3455 st, 3315 st, 3235 st, 1610 wk, 1570 
wk, 1589 md, 1513 st, 1449 md, 1303 st, 1207 md, 1159 st, 1088 md, 1032 md, 782 
wk. 
The protected catechol-azo dye (1.54 g, 5 mmol) was stirred in dry chloroform 
(lOOml). Under nitrogen, anhydrous aluminium chloride (5 g, 0.04moI) was added 
and the mixture was slowly heated to 50°C. Pyridine (10.5 ml) was added yielding a 
dark red solution with traces of solid material. This was heated to reflux and left for 
30 h, after which, the mixture was allowed to cool to RT and 10% HCl (-200 ml) 
was added. The resulting red precipitate was filtered and recrystallised from 
EtOHJH20 to give (5.11) (1.99 g, 68%); m.p. 240°C (lit., 241-243°C); Found: C, 
48.99; H, 3.77; N, 13.84%. C 12H 11 N304S requires: C, 49.14; 11, 3.78; N, 14.33%. 
6H (CD 3COCH3) 6.73 (s, 211, NTHI2), 7.06 (d, 1H, H-5), 7.53 (m, 2H, H-3, 1-1-4), 8.02 
(m, 4H, 1-1-1, 11-2), 8.70 (br s, 2H, OH-6, OH-7); JR (KBr disc): 3422 br md, 2362 
wk, 1614 st, 1584 wk, 1560 st, 1509 md, 1320 md, 1271 st, 1184 wk, 1182 st, 1023 
wk. 
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5.7.5 Synthesis of Protected Pyrogallol-Azo Dye 
4- [(3,5-Dimeth oxy-4-hyd roxyphenyl)azol benzenesu Ifonam ide, 	C 141115N305S9  
5.IV. Sulfanilamide (1.72 g, 0.01 mol) was dissolved in hydrochloric acid (5 ml) 
and water (20 ml). This was cooled to 0°C and sodium nitrite (0.84 g in 5 ml H20) 
was droppered in over a period of 5 min The solution was deoxygenated and left to 
stir for 40 min at 0°C. 
2,6-dimethoxyphenol (1.54 g, 0.01 mol) was dissolved in EtOH (15 ml) under 
a nitrogen atmosphere and at 0°C sodium hydroxide solution (5 drops) was added. 
The aryl diazonium solution was then added and left to stir at 0°C for 40 min under 
nitrogen. A very dark red solid was collected by filtration following the addition of 
20% HC1. On recrystallisation from EtOHIH 20 the desired protected product, a red 
shiny powder was obtained, (5.IV) (2.33 g, 70%); m.p. 155-160°C; Found: C, 
42.92; H, 4.62; N, 10.02%. C 1411 15N305 S requires: C, 50.45; H, 3.33; N, 12.61%. 
H (CD3 COCH3) 3.96 (s, 6H, CH 3-1, C143-2), 6.75 (s, 2H, NIl2), 7.38 (s, 2H, H-3), 
8.04 (dd, 4H, H-i, H-2), 8.25 (br s, 1H, OH); IR (KBr disc): 3449 st, 3322 st, 1608 
md, 1575 wk, 1521 st, 1426 st, 1326 md, 1275 st, 1164 st, 1099 md, 708 md. 
5.7.6 Attempted Synthesis of Pyrogallol-Azo Dye 
4- I(3,4,5-Trihydroxyphenyl)azol benzenesu Ifonam ide, C 1 2H 11 N305S, 5.111. The 
protected product (0.33 g, 1.0 mmol) was stirred in dry chloroform (20 ml) under a 
nitrogen atmosphere. Anhydrous aluminium chloride (1 g, 7.5 mmol) was added and 
the mixture was slowly heated to 50°C, at which point dry pyridine (2.1 ml) was 
added dropwise. The reaction mixture was heated to retlux and left for 30 h. On 
cooling to RT, 10% HC1 (.-. 40m1) was added and the mixture was left to stand over 
night. Following filtration and recrystallisation from EtOWH 20, a red-brown 
coloured powder was collected, (5.111) (0.12 g, 39.3%); m.p. 170°C; Found: C, 
42.92; H, 4.62; N, 10.02%. C2H11N305S requires: C, 46.6; H, 3.53; N, 13.59%. 6H 
(CD3 C0CH3) 1.12 (t, lH), 3.31 (s, 3H), 3.39 (q, 111), 3.95 (d, 13H), 7.22 (dd, 3H), 
8.04 (m, 15H). 8.79 (m, 3H). 
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The initial challenge undertaken in this project was to identify suitable ligating 
groups for aluminium trihydroxide which could be incorporated into polymer 
systems. After good ligating groups had been identified, it was proposed to use 
molecular modelling to gain an understanding of their modes of action. Ultimately, 
the desired goal was a structure-activity relationship which could aid the design of 
future surface ligands as adsorbates on ATH. 
A range of compounds based on mono-, di- and tri-hydroxybenzene 
headgroups have been synthesised with a variety of functionalities incorporated into 
the tailgroups to allow compatibility with a range of polymer systems. 
Processing benefits that arise from precoated ATH include increased tensile 
and tear strength and elongation in cured samples. The new ligands did not show 
remarkable improvements in the physical tests performed by Alcan, such as tensile 
and angle tear strengths, water uptake and limiting oxygen index, compared with the 
existing coatings used commercially. However the results were comparable which 
encouraged the investigation of these compounds. 
Adsorption isotherms confirmed that di- and tri-hydroxybenzenes possess 
extremely high affinities for ATH, thus answering the initial question early on in the 
investigation. However, during the progress of the project, it became apparent that 
adaptation of the existing technique and indeed the use of other methods was vital in 
providing the capacity to answer further queries. 
In a mode of action study, simulations of the interactions between ligand and 
metal-oxide surface were conducted using molecular modelling techniques. The 
main criteria for judging the feasibility of the models was comparison of geometrical 
parameters with crystal structure data obtained within this project or from the CSD. 
Initially, the models suggested that both di- and tri-hydroxy containing headgroups 
bind equally well to ATH. By virtue of our original hypothesis that the ligand 
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binding strength is dictated by the number of coordinate bonds formed with the 
surface, this result was surprising, but it did consolidate the findings from the 
adsorption isotherm investigation. 
Limitations of the adsorption isotherm methodology to screen for surface 
ligating groups emerged. Mainly, it is a very time-consuming technique, it is unable 
to screen uv silent compounds, it cannot distinguish between structurally closely 
related high affinity ligands, and it requires a high surface area form of inorganic 
substrate. The latter point causes some concern over the similarity in surface 
properties of this 'test' material with materials used in commercial applications. 
Electrochemical techniques (Linear Polarised Resistance and Linear Sweep 
Voltammetry) to monitor corrosion of aluminium in the presence of the prepared 
surface ligands posed many problems for aluminium systems. Inductively Coupled 
Plasma Atomic Emission Spectroscopy was a more promising alternative screening 
process, but still there was no improvement in time. 
During the course of this project, the adsorption isotherm technique has 
evolved into one which can completely overcome the limitations posed by the initial 
method. Phenol and catechol-azo dyes have been synthesised and utilised to carry 
out competitive binding studies providing a method that is able to rank the candidate 
ligands into an order of efficacy. Further developments meant the lengthy procedure 
could be vastly shortened by conducting the novel technique of one-point isotherms'. 
Molecular modelling was revisited when it became clear that more emphasis 
had to be given to the importance of secondary interactions. Although coordinate 
bonds offer the main form of stabilisation, surface complex formation was shown to 
be enhanced considerably by secondary bonding interactions between ligands and the 
underlying surface. Trihydroxybenzenes may form coordinate bonds with the 
surface through only two of its three hydroxyls in the same manner as 
dihydroxybenzenes, but their binding affinities are not equal. Pyrogallol, by virtue of 
its capacity to hydrogen bond with the surface is the stronger surface ligand. 
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Appendix A (1) 
Example spreadsheet for calibration of hex I-3-methyl-4,5-dihydroxybenzoate, 3.11 




Vsto. I dm 0.25 VsoIv. I dm 3 0.01 
Csto. / mol dm 1.20E-04 (dilutions) 
Sample Vadd / dm Conc. I mol dm3 Absorb. 
1 0.001 1.20E-05 0.155 	275 
2 0.002 2.40E-05 0.321 
3 0.003 3.60E-05 0.461 
4 0.004 4.79E-05 0.613 
5 0.005 5.99E-05 0.770 
6 0.006 7.19E-05 0.914 
7 0.007 6.39E-05 1.065 
8 0.008 9.59E-05 1.217 
9 0.009 1.08E-04 1.379 





Calibration for JHRIC3R 
1.2 
I 	 U 
Oa 





0.OE+00 2.OE-05 4.OE-05 6.0E-05 8.OE-05 1.OE-04 12E-04 
Concentration I mel dm-3 
Appendix A (2) 
Ligand 	 Hex1-3-methyl-45-dihydroxybenzoate 
FW 	 252.31 
Vsto. I dm 	0.5 	 Vtotal I dm 	001 
Csto. I mol dm -' 	2.99630E-03 	 stir speed 10000 
m 	 12572.5687 A, 	 275 
Sample mATH 19 Vadd / dm VsoIv. I dm Dilution Abs. 
1 	 0.3963 0.0010 0.009 1 0.064 
2 0.4018 0.0020 0.008 5 0.501 
3 	 0.4043 0.0030 0.007 10 0.603 
4 0.3996 0.0050 0.005 25 0.530 
5 	 0.3852 0.0060 0.004 25 0.683 
6 0.4071 0.0070 0.003 50 0.407 
7 	 0.3991 0.0080 0.002 50 0.488 
6 0.3986 0.0100 0.000 50 0.639 
Sample Cmi. / mol dm4 Cres. / moi dm Cads. / mol dm -3 
1 	 2.99630E-04 0 2.99630E-04 
2 5.99260E-04 0 5.99260E-04 
3 	 8.98890E-04 5.09045E-05 8.47986E-04 
4 1.49815E-03 0.000996216 5.01934E-04 
5 	 1.79778E-03 0.001199039 5.98741E-04 
6 2.09741 E-03 0.002107763 -1.03534E-05 
7 	 2.39704E-03 0.002716231 -3.19191 E-04 
B 2.99630E-03 0.001618603 1.37770E-03 
Sample n ml. I mol n res. / mol n ads. / mol n ads.! mol g 1 ATH 
1 	 2.9963E-06 0 2.9963E-06 7.56069E-06 
2 5.9926E-06 0 5.9926E-06 1.49144E-05 
3 	 8.9889E-06 5.09045E-07 8.47986E-06 2.09742E-05 
4 1.49815E-05 9.96216E-06 5.01934E-06 1.25609E-05 
5 	 1.79778E-05 1.19904E-05 5.98741E-06 1.55436E-05 
6 2.09741E-05 2.10775E-05 -1.03534E-07 -2.54321E-07 
7 	 2.39704E-05 2,71623E-05 -3.19191 E-06 -7.99777E-06 
8 0.000029963 1.6186E-05 1.3777E-05 3.45634E-05 
Appendix A (3) 
Ligand Hexl-3-meth145-dihydroxtenzoate 
FW [moIlg] 252.31 
Vsto (I] 0.25 	 Vtotal / dm"' 	0.01 
c sto [moth] 5.99260E-04 	 stir speed 	 10000 
m 12572.5687 	 X 	 275 
Sample mATH /g Vadd I dm-' Vsolv. 1dm3 Dilution Abs. 
9 0.3987 0.0010 0.009 1 0.034 
10 0.3959 0.0020 0.008 1 0.044 
11 0.4037 0.0040 0.006 1 0.035 
12 0.4061 0.0070 0.003 1 0.617 
13 0.4050 0.0080 0.002 2 0.759 
14 0.3948 0.0090 0.001 5 0.394 
15 0.4031 0.0100 0.000 10 0.264 
Sample Cm.! mol dm4 Cres. I mol dm3 Cads. I mol dm3 
9 5.99260E-05 2.7043E-06 5.72217E-05 
10 1.19852E-04 3.49968E-06 1.16352E-04 
11 2.39704E-04 2.78384E06 2.36920E-04 
12 4.19482E-04 4.90751E-05 3.70407E-04 
13 4.79408E-04 0.000120739 3.58669E-04 
14 5.39334E-04 0.0001 5669 3.82644E-04 
15 5.99260E-04 0.000209981 3.89279E-04 
Sample n ml. I mol n res. / mol n ads.! mol n ads. / mol 9 1 ATH 
9 5.9926E-07 2.7043E-08 5.72217E-07 1.43521E-06 
10 1.19852E-06 3.49968E-08 1.16352E-06 2.93893E06 
11 2.39704E-06 2.78384E-08 2.3692E-06 5.86872E-06 
12 4.19482E-06 4.90751 E-07 3.70407E-06 9.1210811-06 
13 419408E-06 1.20739E-06 3.58669E-06 8.85602E-06 
14 5.39334E-06 1.5669E-06 3.82644E-06 9.69209E-06 
15 5.9926E-06 2.09981E-06 3.89279E-06 9.65713E-06 
Appendix A (4) 
















Adsorption isotherm for JHR/C3R onto ATH 
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